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The Role o f Fe and Mn Oxy-hydfoxides in a Contaminated Coarse-Grained River 
Sediment
Director: Johnnie N. Moore
Enrichment o f A s ,^ d , Cu, Zn and Pb in coarse-grained sediment is exhibited 
in the Clark Fork River, The source of this enrichment is metal-rich Fe and Mn oxy- 
hydroxide coatings. Other suspected sources are detrital heavy minerals and waste 
products from mining and smelting processes. Although rich in metals, heavy mineral 
and waste sources make insignificant contributions to coarse-grained bulk 
concentration. In rivers exhibiting both coarse-grained enrichment and coarse grains 
dominating the sediment, Fe and Mn oxy-hydroxides have a predominant role in the 
control of trace element distribution and possibly trace element transport.
The ability of oxy-hydroxides to scavenge large amounts of trace elements is 
well documented. However, most of this information is determined indirectly by 
selective extraction methods and controlled adsorption experiments. Because of the 
complexities of the natural aquatic setting, the chemical-partitioning behavior of Fe and 
Mn oxy-hydroxides is difficult to assess. Thick coating development on coarse grains of 
contaminated Clark Fork sediment allow direct observation and measurement of coating 
chemistry and structure. Two chemically and structurally distinct major coating 
components, one Mn-rich and one Fe-rich, form on Clark Fork sediment. Mn-rich 
coatings are consistently dark in color and contain even, tightly layered laminae. Fe-rich 
coatings are mostly red in color with massive or unevenly layered structure. Both 
coating types incorporate large amounts of trace elements, with an obvious preference of 
As for Fe-rich coatings. Direct investigation of these coating types provides depositional 
and diagenetic information crucial to determining bioavailibility of these large reservoirs 
of trace elements.These observations were interpreted from grain-size and density 
fractionation and direct analysis of coating material by electron microprobe.
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ÏNTRODUCTION
Rivers containing abnormally high metal concentrations in coarse-grained 
sediment are a valuable starting place to obtain direct information about how metals are 
partitioned in sediment. The larger grain size makes it easier to isolate metal-rich 
particles for analysis and so allows determination o f the distribution of metals among 
specific sediment components. High metal concentrations in coarse grains permit direct 
measurement of trace-element relationships normally below limits of analytical detection 
or associated with substrates too thin to be sampled. These opportunities reduce 
ambiguities about metal sources and allow more accurate evaluation of metal transport 
by sediment.
The source of metal enrichment in coarse-grained sediment from contaminated
river systems is thought to be due to detrital heavy minerals (Horowitz and Elrick, 1990;
Moriarty and Hanson, 1988; Moriarity et al.,1982; W hitney, 1975), coarse waste
products from anthropogenic activity (Thome and Nickless, 1981; W ilbur and Hunter,
1979), or iron and manganese oxy-hydroxide coatings (Brook, 1988; Moore et al.,
1989; Forstner and Patchineelam, 1980; d ’Angelejan et al., 1990). Detrital heavy
minerals are known to be rich in metals, while coarse waste products are poorly defined
chemically. The distribution and chemical influence in sediment of both heavy minerals
and coarse waste products is unknown. Fe- and Mn- oxy-hydroxide coatings provide
particularly suitable surfaces for inorganic metal accumulation in sediment, because they
are ubiquitous and have high specific surface area and sorption capacity. Fe- and Mn-
oxy-hydroxides are well-established as highly effective trace element concentrators
within the finer-grained sediment (Gibbs, 1977; Jenne, 1968; Jenne, 1977; Salomons
and Forstner 1984; Horowitz, 1991), but not much is known about their natural ability
to partition selected metals because of the difficulty in isolating and sampling
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fine-grained sediment.
Understanding the partitioning o f metals among different physiochemical forms 
in sediment is necessary to identify sources and sinks of inorganic contaminants. 
Because of the heterogeniety of sediment, metal contribution from specific geochemical 
phases (e.g., hydrous oxides of Fe and Mn, organic matter coatings, clays, sulfides) is 
difficult to quantify. Chemical extraction methods have often been used to separate 
metals in sediment into “operationally defined phases”— in terms of their preferred 
binding capacities (Salomons and Forstner, 1984; Kersten and Forstner, 1989). These 
methods lack specificity, however, in that individual minerals binding the metals are not 
identified- The unknown selectivity of reagents of different strength also gives rise to 
numerous ambiguities (Robinson, 1984; Kersten and Forstner, 1989; Horowitz and 
Elrick, 1987). Studies using selective extraction methods suggest that partitioning of 
trace elements on Fe- or Mn- oxy-hydroxides may differ between contaminated and 
uncontaminated aquatic systems (Carpenter et al., 1978; Chapman et al., 1983). Also, 
because of their complex nature, partitioning within each type of oxide component is 
thought to be extremely variable (Robinson, 1984; Filipek et al., 1981; W hitney 1975). 
The validity of observations such as these is uncertain because of the lack o f specificity 
associated with the indirect methods of selective extractions.
The occurrence of abnormally high metal concentrations in coarse-grained river 
sediment also requires attention. Previous work on metals transport in rivers considers 
grain size as one of the most significant factors controlling the uptake of metals by 
sediment (Jenne 1968; Gibbs, 1977; Forstner and Wittmann, 1981; Salomons and 
Forstner, 1984; Kersten and Forstner, 1989; Horowitz, 1991). Finer-grained sizes 
commonly contain the highest metal concentrations because of their physical and 
chemical properties. Many authors suggest analyzing only the fine-grained sizes to 
eliminate the effects of other grain sizes when attempts are made to compare metal
distribution from different systems or areas. However, metal concentration in fine­
grained sediment does not accurately characterize metal-sediment distribution within 
other grain-size fractions where different chemical associations may be present. Large 
proportions of metals residing in coarse-grained sizes may reflect large inputs of metals 
to the natural system, such as in mining areas (Moore et al., 1989; Brook, 1988; 
Moriarity and Hanson, 1988; Robinson, 1982; W hitney, 1975; W ilbur and Hunter, 
1979; Thorne and Nickless, 1981). This suggests that grain size is not the only factor 
controlling metal concentrations in contaminated systems (Moore et al., 1989; Chapman 
et al., 1983). Control o f metal enrichment processes may differ between contaminated 
systems and uncontaminated systems. Observation by direct methods, then, may also 
provide details distinguishing the role of coarse-grained sediment on metal enrichment 
processes in contaminated river systems.
The Clark Fork River of western Montana exhibits enrichment of Mn, As, Cu, 
Cd, Zn and Pb in the coarse-grained (>63|im) fractions of bed sediment (Brook, 1988; 
Moore et al., 1989). These metals are a product from wastes associated with large scale 
mining and smelting in Butte and Anaconda, Montana (Moore and Luoma, 1990),This 
occurrence of coarse-grained enrichment is investigated for optical, physical and 
chemical evidence concerning components of metal uptake in coarse-grained bed 
sediment in a contaminated river environment. Metal distribution relationships between 
Fe, Mn, As, Cu, Zn, Cd, Pb and Ni within each sample site and between sample sites 
are explored with aqua regia digestion of grain-size and density-fractionation samples. 
Metal partitioning between iron and manganese oxy-hydroxides and other components 
is addressed by direct measurement with electron microprobe and analysis of coating 
material dissolved off hand-picked grains.
METHODS
Samples
Bed sediments were collected in July 1987 at 5 sampling sites downstream from 
the Butte-Anaconda mining and smelting operations (Fig. 1). The samples used for this 
study were part of a larger sample set collected to study chemical and physical variability 
of the Clark Fork sediment. Sample site WS (Warm Springs) was collected in July 1986 
for use in a previous study. It was discovered after the sample sites were selected that 
WS had thicker coatings that might be more useful for particular types of analysis. Each 
sample is a composite o f five sub-samples of sediment at each site. Sampling consisted 
of scooping the upper layer of sediments with a plastic spoon. Samples were 
transported to the lab on ice where they were dried at 70“C. Grain-size distribution was 
determined on dry samples by standard dry sieving procedures with brass screens of 
1000, 500, 250, 125, and 63}im and 10 minutes of shaking on a Ro-tap shaker. 
Precision of triplicate sieves (of one sample) was within 3% .  Grain sizes > lm m  were 
not used for this study.
Heavy Mineral Separation
Each size fraction sub-sample was subjected to a single heavy liquid separation 
by tetrabromo ethane (density 2.93) which produced a heavy (density >2.93) and light 
(density <2.93) fraction. The separation was performed in three 250 ml separation 
funnels and each grain size required from four to 12 individual separations to produce 
enough heavy fraction for dissolution and analysis. Each sub-sample was stirred after 
the initial addition o f tetrabromo ethane to coat grains uniformly. Finer grains required 
longer stirring time. Separated samples were rinsed repeatedly with acetone to remove
the bromoform. Light and heavy samples were weighed to determine relative 
percentages. The density o f the heavy liquid was regularly monitored with a standard 
feldspar crystal. Density checks were performed frequently to assure consistency. The 
reagents involved in the heavy-liquid separation apparently have little or no effect on 
sediment chemistry (Pilkington and Warren, 1977).
The density separation process resulted in 75 sub-samples for chemical digestion 
and analysis. Each grain-size fraction from each site included a bulk (untreated), heavy 
and light fraction. Before digestion, each sub-sample was examined optically (both 
whole grains and in thin section) and noticeable differences in minéralogie components, 
particularly oxide coatings on grains, were recorded and photographed.
Sub-Sample Digestion
Each sub-sample was powdered with mortar and pestle, then oven dried 
overnight. Samples were weighed directly into tared 120 ml Teflon digestion vessels 
(Savillex Corp #578). Approximately 0.5 grams was used for the bulk and light 
fractions. The heavy fraction weight was lowered to 0.25 grams due to sample scarcity 
and expected high metal concentration of this sample fraction. Actual weights were 
recorded to a tenth of a milligram.
Aqua regia (1.25 ml of nitric acid and 3.75 ml of hydrochloric acid) was added 
to each vessel, allowed to sit for 30 minutes with the cap on but not tightened, and then 
the cap was tightly sealed. Vent tubes on the vessels were placed in a dilute solution of 
NaOH (1 drop l.OM per 250 ml water) with phenolphthalein to detect any vessel 
leakage from over-pressurization during the subsequent heating process.
Seven vessels at a time were placed in a plastic pie keeper and then on a rotating 
carousel inside a General Electric Model JET209D microwave. The samples were 
microwaved for 6 minutes at full power (~570 watts), removed to a hood and allowed to
cool for one-half hour. When cool, the contents o f each vessel were transferred by 
repeated washings with “milli-q” deionized water (Millipore) to 50 ml plastic centrifuge 
tubes, and brought to a solution weight of 50 grams with milli-q water. The digests 
were centrifuged for 5 minutes @ 2500 rpm, decanted and stored in polyethylene bottles 
until analysis. Twenty-two duplicates, including a duplicate o f all fractions of the Deer 
Lodge (DL) sample (bulk, heavy and light from each grain size), were also analyzed. 
Procedural accuracy was tested by repeated analysis of U.S. National Institute of 
Standards and Technology (NIST) reference material SED2 at both 0.5 grams and 0.25 
grams to be consistent with the sample analytical procedure.
Concentrations of As, Cd, Cu, Fe, Mn, Ni, Pb and Zn in solution were 
determined by ICAPES (Inductively Coupled Argon Plasma Emission Spectrometry, 
Jarrel-Ash Model 800 Atom Comp). NBS SED2 results are listed in Table 1, limits of 
detection are summarized in Table 2 and duplicates are summarized in Table 3. All data 
are shown in Appendix A. Duplicates of every grain-size sub-sample in the Deer Lodge 
(DL) sample show an overall trend of relative percent difference decreasing from coarse 
to fine grain size. The rest o f the sample sites had two samples duplicated for each bulk, 
heavy and light sub-sample except for TB (Turah Bridge), which had one grain size 
duplicated for each sub-sample. The <63 pm  grain size usually had the lowest percent 
difference values (between 1-15%). As, Ni and Pb had more variability and differences 
ranged from 1-80%, with most between 5-35%. Cu, Mn and Zn differences were 
mostly below 15%, with a few duplicates reaching 25% difference. All Fe values were 
below 36%, with most below 15%. Higher variability in the coarse-grains was probably 
due to sample heterogeneity in these sizes. Metal concentrations near the limit of 
detection produce higher differences and were grouped with those below the limit of 
detection.
X-ray
Gandolfi camera powder crystal diffraction was used to identify crystalline oxide 
coatings. Each grain sample was mounted on a silica spear and carefully aligned in the 
camera (Charles Supper Co., 1975). An iron lamp was used to minimize iron 
flourescence, and X-rays were generated at 35 kV and 15 Ma for 24 hours. Mineralogy 
was interpreted by using 20 values from known d-spacings o f index minerals listed in 
the Mineral Powder Diffraction File Data Book (1980). Reference cards of peaks in 
millimeters for numerous suspected minerals were constructed to easily identify 
minerals. Odd peaks required trial and error matching and the comments of Dr. J.P. 
Wehrenberg. Unfortunately, numerous equipment problems limited the usefulness of 
this procedure.
Microprobe
Fe and Mn oxy-hydroxide coatings on coarse grains were analyzed by electron 
microprobe. Polished thin sections, slightly thicker than standard mounts, of hand- 
separated grains (350-500|im) from Sample Site WS (Fig.l) were first photographed 
and mapped to locate specific examples of coating characteristics. Microprobe analysis 
was performed in two phases due to the expected extreme differences in the coatings 
between Fe and Mn concentrations and the concentrations of the trace elements (As, Cu, 
Zn, Pb). Phase 1 probed in one pass for Fe, Mn, S, Si and Al. Time per data point was 
10 seconds on peak, with 5 seconds off-peak analysis above and below for backround 
corrections. Phase 2 probed in two passes for As, Cu, Zn, Pb, Si and Al. Time per data 
point for Phase 2 ran 100 seconds on peak, with 50 seconds above and below off-peak. 
Increased beam counts were necessary to detect trace amounts. Data for each phase was 
matched with the use o f photos of thin sections and detailed notes at each point. All 
analyses are given in elemental weight percent. Sample probe points were run in
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triplicate. Astimex standards for each of the elements analyzed and background 
standards (containing none of the elements of interest) were regularly analyzed before, 
during and after each probe run to monitor machine conditions. Standards, correction 
selections, limits of detection, machine conditions and bulk data for probe procedure are 
outlined in Appendix B. All thin sections were carbon coated. Coating thickness was set 
for 300 Â and the coating process run twice so coatings were approximately 600 Â.
Analysis was only successful on the heavily coated grains, because coatings in 
thin section had to be thick enough for the electron beam width (2-3|im). Grains from 
the Warm Springs (WS) sample site were selected because they had the thickest 
coatings. These grains are representative o f the types of coarse-grained coatings 
abundant in the upper Clark Fork system. Most probed areas had room for one to three 
sampling sites in a transect analysis pattern to explore possibilities of layering. Sites 
were located outermost on the coating edge, in the middle, and near the grain edge 
boundary. Three dark-coated and four red-coated grains from the 350-500 |im  size 
fraction of the Warm Springs (WS) sample were characterized for both major and trace 
elements. Data for major elements only exists for two more dark-coated grains.
Perfectly spherical smelter products from the 500-1000 |im  fraction of the Gold 
Creek (GC) sample and black smelter glass or "slag" from both the Gold Creek and 
North of Deer Lodge (ND) 500-1000 fim size fraction were also probed because o f their 
unusual nature. Summary of the probe data can be found in Tables 4, 5 and 6.
Cold Acid Extractions
Cold HCl extractions were performed on samples o f hand separated black- 
coated grains and red-coated grains. Due to the tedious and time consuming nature of 
this task, only three samples were treated in this way. Each of the three hand-picked 
samples was digested in 2ml o f 6 M HCL, and brought to a solution weight o f 20 ml
with milli-q water. Digestion vessels were 25 ml scintillation vials hand shaken 
continuously for 18 minutes. This time was determined from experimenting with 
dissolution o f coatings observed under a microscope. Extractions were analyzed by 
ICAPES. Represented samples were red coatings from the 500-1000 light fraction of 
sample WS (.023 grams of coating material extracted), and black coatings from both 
WS 500-1000 light (.0222 grams of coating material extracted) and WS 500-1000 
heavy (.0361 grams of coating material extracted). Grains from WS were chosen 
because they had the thickest and most continuous coatings. There were not enough red 
grains from the heavy fraction, even if combined with red coatings from ND 500-1000 
heavy, to obtain a sample large enough to analyze. Results of coating dissolution are 
provided in Table 7.
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R E S U L T S
The Role of Grain Size Control on Metal Content
Size Control
Metal distributions among grain sizes superficially follow the well-documented 
relationship in which highest metal values occur in the smaller size fractions (Fig. 2). In 
contrast however, the coarser grain sizes do not show the usual abrupt drop-off in metal 
concentration. This decrease is expected from the 1-2 orders of magnitude decrease in 
specific surface area that occurs as particle size increases from clay minerals to quartz 
and feldspar minerals (Gibbs, 1977; Horowitz, 1991). Grain sizes >63|im  commonly 
exhibit similar metal concentrations to those of the <63 fim size fraction (Fig. 2). The 
largest differences from the sand to the silt-clay fraction are only 15-fold (site ND).
Metal enrichment in coarse grains may be a phenomenon associated with areas 
influenced by mining and other anthropogenic effects. Comparison made between 
mainstem river bank sediment of the Clark Fork region to non-disturbed tributaries 
shows that the mainstem exhibited total metal enrichment in the coarse sizes while the 
tributaries show normal relationships between metal concentrations and grain size 
(Moore et al., 1989). W ilbur and Hunter (1979) found enrichment within the coarse 
grains of bottom sediment below an industrial pollutant source while a traditional metal- 
sediment relationship existed above the source.
Distribution Control
Bulk sample metal distributions agree well with previous Clark Fork bed 
sediment (Brook, 1988) and flood plain (Moore et al., 1989) work that established the 
Clark Fork sediments are heavily contaminated with heavy metals and As. In general, 
concentrations o f Fe, Mn, As, Cu, Zn, Pb, Cd and Ni in all bulk-grain size samples
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increase upstream (Figure 2). An exception to this occurs at the Deer Lodge (DL) site, 
where all metals of interest except Fe are lower than the concentrations at North of Deer 
Lodge (ND) for each grain size. Downstream trends in metal concentration were 
dependent on grain size (Fig.3). Generally, grain sizes < 125|LLm in upstream samples 
were overall higher in concentration of metal than the same size fractions downstream.
In contrast, the coarser fractions at Deer Lodge (DL) have similar or lower 
concentrations as the same sizes o f the Turah Bridge (TB) sample. Or, as grain size 
decreases, grain size control becomes evident downstream from the source. This would 
suggest that processes affecting the metal distributions in coarse grains are other than 
just grain size control. One exception to this trend in metal distribution is shown for 
manganese (Fig. 3b). Both coarse and fine sizes show concentrations ten times higher at 
North of Deer Lodge (ND) compared to other sites, and grain sizes <125um at Deer 
Lodge (DL) were a little less than downstream concentrations (excluding site ND). The 
lowest concentrations in the two finest sizes for Mn occur at GC. Mn distribution by 
grain size throughout the five sample sites (Fig. 3b) shows little variation of 
concentration within grain sizes except for the anomaly at North of Deer Lodge (ND).
The significance of anomalous concentrations at site ND for all the elements of concern 
was not determined.
Metal Content
Because high coarse-grained metal concentrations are associated with regions of 
mining and smelting, one source of coarse-grained enrichment is thought to be heavy 
minerals or waste products (such as crushed ore and smelter slag). The composition, 
particle size(s), and effect on metal-sediment distribution of these metal-rich components 
are not known. Heavy components were effectively concentrated in the heavy fraction 
by the tetrabroethane density separation, leaving quartz, feldspar and carbonate grains in
1 2
the light fraction. Both the heavy and light fractions contained mica. The light fraction 
from each grain size and site was free of slag, sulfides or heavy minerals. The heavy 
fraction from all grain sizes and sites contained abundant slag (smelter glass)(Fig. 4), 
with the exception o f the Deer Lodge (DL) site. The slag was heavily concentrated at the 
W arm Springs (WS) site, comprising about half o f the heavy grains. At North of Deer 
Lodge (ND) and Gold Creek (GC), slag was abundant in all the grain sizes, but 
decreased in the coarser fraction downstream from there. Much of the slag at WS had 
fresh black surfaces (Fig. 4) while slag from ND and GC often showed rust colored 
oxidation rinds and surface pits. Sharp edges and long delicate shard characteristics 
were retained even in the Turah Bridge (TB) sample. A hand picked sample of slag 
contained about 50% magnetic grains. Five grains of smelter slag from sites ND (North 
of Deer Lodge) and GC (Gold Creek) were analyzed by electron microprobe. These 
grains contained variations of 1:1 or 1:2 weight percent ratios of Si:Fe with a few 
percent of Al. Trace amounts of S were also detected, as well as 1-2% Zn, up to 0.2%
As, and 0.25% Cu. Pb could not be reported with assurance. One slag grain with a 1:1 
Si:Fe ratio also displayed a coarse red rind where Fe values doubled to 33 percent from 
the dark unaltered glass (Fig. 5). Within this rind, some zinc values fell to 0.25%,
Arsenic could no longer be detected, and some Cu values doubled while others 
decreased by half. The difference of rind element concentrations is likely a result of 
remobilization o f Zn and As and possibly Cu during oxidation.
Heavy fraction grain sizes o f the Gold Creek (GC) sample site also contained 
perfectly spherical grains thought to be smelting products (Fig. 6). A spherical grain 
from the 500-1000 pm size fraction consisted of 60-65 wt% iron (Table 5) with trace 
amounts of Si and Mn. Arsenic was present at 0.18 percent. The presence of Cu and Pb 
was near the detection limit and zinc was below detection. Al was absent except in 
vesicles where Al increased to 23 percent while Fe dropped to 2 percent. These grains
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were not found upstream from the Gold Creek site. Similar particles studied by 
Hassinan and Puffer (1992) are thought to be airborne fallout from industrial pollution. 
Odd weathered forms observed in thin sections o f the Bearmouth (BM) sample 
resembled these smelter particles. This indicates these spheres are weathering and are 
transporting downstream.
The heavy fraction generally had concentrations elevated many times over the 
bulk sample (compare Fig.3 to Fig. 7). The enrichment factors (how many times 
enriched) compared to the same grain size of bulk data revealed numerous differences 
(Table 8). Almost all the metals exhibited the highest factors o f increase in the two 
largest grain sizes o f ND. Fe had the largest overall amount of increase. For each 
element, enrichment factors were larger in the coarser compared to finer grain sizes. 
This increase variation may indicate different minéralogie influence between the grain 
sizes. Mn, Ni and limited data on Cd (some grain sizes were below detection) had 
overall smaller increases or no increase when compared to the same size bulk data. Sites 
Deer Lodge (DL) and Turah Bridge (TB) displayed the strongest grain-size control. 
Greater increase factors for the coarse-grained heavy grain sizes, most notable at sites 
ND and GC, is strong evidence of control other than grain size affecting the metal 
distribution within Clark Fork sediment.
The high concentrations o f the heavy fraction grain sizes are misleading. Heavy 
minerals were no greater than 12% of each grain size fraction and most grain sizes had 
less than 6% (Table 9). The heavy fraction percentage increased slightly as grain size 
decreased for each sample site. More heavy minerals are probably found in the finer 
grain sizes because chemical and mechanical weathering have more effect on the larger 
chemically unstable grains, such as sulfides and heavy minerals. However, the heavy 
fraction amounts for the <63fim fraction may be higher than recorded. The recovery of
14
heavy minerals from fine-grained density separations is difficult due to the formation of 
pellicles or clumps (Mattigod and Ervin 1983).
The removal of heavy minerals had no effect on the metal concentrations 
between the bulk and light fractions for the coarse grain size fractions (Fig. 8).
Substantial differences only appeared between the bulk and light fractions of finer sizes.
The amount o f difference is consistently largest in the <63 |im  fraction. Downstream 
these fine-grained differences are much less evident, or absent. Large differences in Fe,
As, Cu , Zn and Pb between the bulk and light fractions in the fine-grained fractions 
upstream probably reflect abundant sulfide grains observed optically in these grain 
sizes. Grains with metallic luster were optically abundant in the heavies o f the two finest 
grain sizes at each site. This presence of sulfides decreased downstream from the North 
o f Deer Lodge (ND) site. Sulfides were noticeably weathered to reddish and brassy 
colors at the Gold Creek (GC), Bearmouth (BM) and Turah Bridge (TB) sites. Deer 
Lodge (DL) and North o f Deer Lodge (ND) sites contained a few sulfide grains in the 
coarse-grained heavy samples, more often there were quartz grains with smaller sulfides 
included. Fitzpatrick and Andrews (1992) identified pyrite, sphalerite, hematite, 
pyrrhotite and tenorite in upstream samples right below W arm Springs Ponds (Fig. 1).
They also determined that heavy fractions (of similar methods but of whole sample) 
from 133km downstream (30 miles upstream from Bearmouth site) to be dominated by 
zircon, ilmenite, barite and apatite. This agrees with the small differences between bulk 
and light fine grain fractions at downstream sites.
Substantial deviations occur between the bulk and light for all grain sizes at 
Gold Creek (GC) when Fe is considered (Fig. 8a). The amount of difference was fairly 
uniform within the GC site grain sizes, in contrast to the patterns at Deer Lodge (DL) 
and North of Deer Lodge (ND) or the Gold Creek (GC) sites for other elements. This 
difference in pattern from other elements at GC reflects the presence o f previously
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discussed iron-rich smelter spheres found in all grain sizes at GC (Fig. 6). The grain 
sizes <125 p,m at Bearmouth (BM) also exhibit a significant split between bulk and light 
concentrations for Fe. The smelter spheres are probably weathering to smaller sizes as 
they travel downstream, adding evidence to the notion o f secondary transport o f these 
contaminant airfall particles. No other elements o f this study exhibit this type of 
difference between the bulk and light fractions at Gold Creek (GC) or Bearmouth (BM). 
This pattern in the Fe plot was not exhibited, nor were they observed optically, 
upstream from Gold Creek. There are minor differences for As, Zn, and Pb at the Gold 
Creek (GC) site (Fig.8c,f and g). Arsenic was detected by electron microprobe in one of 
these smelter spheres at levels around 0.18%. Trace amounts o f these elements 
incorporated into these spheres may have been responsible for these minor differences, 
or they may be due to sample heterogeneity.
The distribution of metals within grain-size fractions was different from the 
physical grain size distribution. Each sample site displayed a unimodal grain size 
distribution skewed toward the larger grain sizes (Figure 9). Only site North o f Deer 
Lodge (ND) was bimodal; the other in the 500-1000 pm  size fraction (Fig. 9b). The 
plots of Figure 9 show coarse grains dominate the Clark Fork River bed sediment while 
the <63 pm  size fraction makes up less than 5% of each sample at all sites. Although the 
<63 fraction had the largest concentration of metals (Fig. 2), because it composes only a 
small amount of the total sediment, the largest “content” o f metals was contributed from 
the coarse grain sizes (Figure 10a). (Content describes the procedure of multiplying the 
sediment fraction distribution by the concentration distribution of a metal to get an 
estimate of metal loading.) All of the metals considered followed similar trends. Added 
together, the amount o f metals from the coarse grains was greater than <63 pm  fractions 
for almost all o f the elements. For the heavy fraction, the largest contributors were the 
finer grain sizes. This suggests that the heavies had the most influence in the finer grain
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sizes, which made up only a small portion of the bed sediment. The coarser grain sizes, 
(which, again, dominate the bed sediment), had only a small influence from the heavy 
fraction.
Sediment components within the light fraction, then, contribute most o f the 
metals in the coarse grains. These fractions are dominated by quartz, feldspar, and 
micas. Quartz contains so little heavy metals that it is often regarded as a diluent (Gibbs, 
1977; Salomons and Forstner, 1984). Feldspars may contain significant amounts of 
lead (Forstner and W ittman, 1981). Micas, especially biotite, are capable of 
incorporating large amounts of transition metals into their structure (Deer et al., 1965), 
and may also accumulate Zn and Cu ions inside microfaults (Salomons and Forstner,
1984). W eathered grains of biotite are observed within all of the grain sizes and sample 
sites. Although some metal enrichment o f the coarse grains may be due to the 
weathering of micas, it is highly unlikely that they produce the amount observed, and 
certainly not the varieties o f elements present. The light fraction coarse grains also 
contain red, brown, bluish-gray and black coatings that increase in abundance closer to 
the Butte-Anaconda area. The next part o f this study takes a deeper look into the 
structure and chemistry of these coatings.
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The Role of Iron and Manganese Oxy-hydroxide Coatings
Major Element Composition
Analysis o f upstream coated-coarse grains by microprobe revealed two distinct 
types o f oxy-hydroxide coatings, one Mn-rich and one Fe-rich (Fig 11). Concentrations 
o f the Mn-rich coatings ranged from 22-40 elemental weight percent (wt%) Mn. Fe 
associated with these coatings in amounts varying from 0.5 to 7%. Most probe sites 
contained from 1 to 3.5%. In contrast, Fe rich coatings varied from 20-50% Fe. Trace 
amounts o f Mn, less than 0.5%, always were present in the Fe-rich coatings. The 
separation of Fe from Mn was also found in other stream ferromanganese coatings and 
cobble encrustations (Buckley, 1989), and oceanic hydrotheimal-manganese oxy- 
hydroxides (Stouff and Boulegue, 1989).
The two coating types were also evident with optical microscopy. Mn-rich 
coatings were characteristically almost black in color, with a bluish cast (Fig. 12). These 
“dark” coatings were the predominant type present. In thin section, dark coatings were 
opaque in transmitted light and between three and 20 microns in thickness. The greatest 
coating thickness was found upstream below the Warm Springs Ponds at site WS and at 
sample site ND (North of Deer Lodge) (Fig. 1). Fe-rich, deep-orange, red and reddish- 
brown coatings were less easy to find (Fig. 13). Fe-rich “red” coatings transmitted more 
light in thin section and were frequently thicker than the dark coatings on upstream 
substrates. Reflected light revealed structural differences between the two coating types. 
Mn-rich coatings consistently displayed evenly spaced tight layering (Fig. 13b). These 
well-defined lamellae are commonly developed in deep marine or lacustrine Mn deposits 
and nodules (Stouff and Boulegue, 1989). In contrast, Fe-rich coatings often were 
massive, with no evident layering (Fig. 15a and b). A few red coatings that exhibited 
layering showed varying thicknesses and textures in layers (Fig. 16). W henever
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layering was observed in the red coatings, a distinct layer was present that appeared 
white in reflected light (Fig. 16). This layer contained the highest concentrations o f Fe 
(40-45%) determined by microprobe in the coatings of this study. It was more common 
to find mixtures o f the dark and reddish coatings on whole grains, suggestive of the 
complexity o f the chemical environment. Closer inspection of coating edges in thin 
section sometimes revealed distinct overlapping layers o f the coating types on the same 
grain. Figure 17 shows a thin covering o f red coating lining the edge of tightly layered 
dark coating (pictured in Figure 13a). This type o f layering was too thin to be analyzed 
by microprobe.
The coexistence of these two distinct coating types within sediment is a 
complicated and controversial topic in published literature. The solubility behavior o f Fe 
and Mn under different environmental conditions controls the processes o f oxide 
deposition. Deposition o f Fe-rich coatings must occur under conditions o f lower Eh and 
pH to permit the precipitation of Fe but not Mn. Mn oxidation occurs at higher Eh at a 
much slower rate and so Mn can be transported further in an oxidizing environment than 
Fe. Postma (1985) argues that for concentrations of Mn to be found in highly 
heterogeneous chemical environments, the redox gradient mechanism must be following 
a quick reduction mechanism where Mn 4“*" is reduced by oxidizing abundant Fê "*" to 
Fe This would concentrate the not normally abundant Mn̂ "** in solution. This 
reaction may also result in the the precipitation of Fe oxides which are pseudomorphic 
after the original Mn oxide mineral (Krishnamurti and Huang, 1988).
Alternating layering of discrete red and dark coatings were observed in thin 
section. Fe association with Mn-rich oxides in oxygenated alkaline water is only 
thermodynamically favorable in the form of adsorbed colloidal ferric hydroxide particles 
and/or organic matter (Hem, 1978; Krishnamurti and Huang, 1989). A gelatinous red 
precipitate (Figure 17) observed as a layer on Mn oxides and as a discrete coating
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(Figure 18) may represent such colloids. Mn needs a negatively charged surface for 
nucléation and a catalyzing agent such as bacteria or organic matter for 
precipitation/adsoption. Ferric hydroxide surfaces can also oxidize Mn from solution by 
acting as a catalyst (Hem, 1978). The small amounts o f Fe present in Mn-rich coatings 
may have been nucleating sites of initial Mn precipitation. Once the Mn surface exists, a 
valence disproportionation reaction may generate an auto catalytic mechanism of coating 
deposition (Hem, 1978). Layering observed in the dark coatings (Fig. 13b) probably 
reflects impurities in crystal structure and composition related to changing environmental 
conditions (Hem, 1978). A fine-grained, “flaky”, particulate that lines depressions on 
grain and coating surfaces on both coating types (Fig 16) may be a record o f such an 
initial deposit. It contained Fe and Mn in equal amounts (9-13 wt%) and plotted apart 
from the two distinct coating types (Fig. 11). This “flaky” substance appeared to form 
thin coatings (1-5 (im) (corresponding to lower metal concentrations at site DL and BM 
and TB). The flaky material often filled and covered cracked surfaces in grains (perhaps 
resulting from dehydration due to oxide aging) (Fig. 16).
In both the dark and red coatings, A1 and Si were present as major but lesser 
constituents. A1 and Si molar concentration had a similar range in both coating types 
(Fig. 19), with Si slightly increased in the Fe-rich coatings (Fig. 19a). Outliers 
represent higher A1 and Si values associated with grain-coating contacts and probably 
indicate the beam had touched some of the host grain. Molar ratio plots o f A1 against Si 
showed no difference between the two coating types (Fig. 20a). M olar comparisons of 
A1 and Si against Fe (Fig. 20b, c) show more chemical similarity (smaller shifts from 
the line o f constant ratio) than plots against Mn (Fig. 20d and e). Coating types (Figure 
20b and c) clustered separately because of the higher Fe:Al and Fe:Si concentrations of 
the red coatings. This suggests an Al-Si-Fe association difference in the two coating 
types.
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Weak coirelations of A1 with Mn and Fe, and Al:Si relationships uncharacteristic 
o f aluminosilicates lead Buckley (1989) to conclude that A1 must be present in coating 
material as an authigenic phase, perhaps accumulating with the coatings as a colloidal 
Mn-Al oxide-hydroxide particulate. However, As: Si ratios in red coatings in this study 
range from 0.49 to 1.3 with most values are around 0.6. The dark coating AlzSi ratios 
range from 0.49 to 1.5 for samples D3 and D4 (Table 6). AliSi values are high on D5, 
with a range of 1.36 to 13.78. Most o f these D5 values were around 1.8 with two large 
outliers believed to represent part of the grain touched by the electron beam. These Al:Si 
ratios fit values for phillipsite (around 0.6), thought to be a source o f A1 in marine 
nodules (Bischoff et al., 1981 in Buckley, 1989) and chlorites (1.8), thought to be 
formed authigenically in marine sediments (Mackin and Aller, 1984 in Buckley, 1989). 
These differences in Al:Si ratio are sufficient to suggest two types o f A1 associations. In 
the Clark Fork sediment, enrichment o f Si and A1 in some Mn coating edge sites did not 
appear in the coating middle (see Table 6, grain D5). This is thought to reflect the 
presence of included detrital or authigenic Al-Si particles occluded with the coating 
substrate (Carpenter and Hayes, 1980; Filipek et al., 1981; Robinson, 1982) and may 
represent one of the A1 association types.
Amounts o f S in the probed coatings varied from 0.1 to 1 percent overall. The 
only exception was a value o f 2.68% S from a particle trapped within the coating of 
Grain R3 (Fig. 21). This particle was extremely unstable beneath the electron beam and 
probably was organic. Molar S plotted against A1 and Si show no ratio differences 
between coating types (Fig. 22a and b). No molar ratio association is apparent between 
S and Fe (Fig. 22c) but the distinct coating types show obvious differences in 
association. A significant ratio trend developed between S and Mn, especially within the 
red coatings (Fig. 22d). Bacterially oxidized Fe oxides in acid sulfate systems (pH 2.5- 
4.0) have SO4 acting as a structural element (Bigham et al., 1990). Although S values
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are slightly higher in Fe-rich coatings (the mean is doubled from that o f the dark 
coatings), no other trends are apparent.
Thick coatings, of both types, typically occurred on quartz and feldspar grains 
o f the light fraction, and quartz, feldspar and pyroxenes in the heavy fraction. Buckley 
(1989) found no association with substrate type in several hundred analysis points on 
river coating material. Coating thickness generally coincided with bulk chemical data. 
Thickest coatings were found on samples farthest upstream and decreased in abundance 
and continuity (of grain surface covered) downstream. Sample site DL had thinner 
coatings that were less in abundance, and also lower bulk chemical concentrations for all 
elements of interest except Fe. The Deer Lodge (DL) sample had coatings resembling a 
thin layer of flakey substance described earlier that appeared bluish-gray similar to a 
hematite sheen. Color differences such as this may result from differences in thickness 
or variations in oxy-hydroxide minerals. Thin flaky coatings were also found on a few 
slag grains at the North of Deer Lodge, Gold Creek and Bearmouth sample sites. Slag 
from the North o f Deer Lodge (ND) sample often had red crusts. In thin section, these 
crusts had elaborate layering and structure (Fig 23). The distinct solid Fe layer that 
appears white in reflected light can sometimes be observed (Fig. 23). Some of these 
crusts appear to be precipitated over the black slag surface, while others (revealed in 
reflected light) seem to be a product of weathering of the slag grain (Fig.5).
Trace Element Partitioning
Trace element analysis by electron microprobe proved that coatings concentrate 
considerable amounts of As, Zn, Cu and Pb (Tables 4, 5 and 6). In the Mn-rich 
coatings, Zn and Cu were readily detectable in all probed areas. Zinc concentrations 
varied from 1.5 to 10%, however, most values were in the range o f 2-3%. Copper 
varied from 0.5-1.8%, with most points between 0.5-1%. Arsenic concentrations
hovered around the detection limit o f 0.11% and only one grain had slightly higher 
arsenic values (D5, Table 6); Cu and Zn values were also much higher on this particular 
grain. Lead was below detection in all o f the Mn-rich coatings.
In comparison, Fe-rich coatings had generally lower concentrations of Zn than 
in Mn coatings; most samples were below 1%, but one (R l, Fig. 15) had the highest 
concentrations o f 1.4 to 2.1%. Cu values were also lower than in Mn coatings but 
reached amounts between 0.2 to 0.5 percent. Arsenic, however, increased to values 
between 0.3 to 0.7 percent in the red coatings. So, arsenic appears to associate mostly 
with the Fe-rich coatings. Some red coatings displayed well-developed layering (R2,
Fig. 16) but these layers showed little variation in trace element concentration. The 
distinct white layer (Figure 16), while containing the highest iron amounts, showed no 
variation in trace elements. Pb was detected from 0.1 to 0.29% in one grain, but was 
below or very close to the detection limit in all other grains analyzed.
Molar ratio plots of the major and trace elements in coatings show complex 
partitioning relationships within the two types of coatings (Figure 24). Cu forms a 
strong constant molar ratio trend with Zn, indicating the two elements are probably 
associated in the same chemical relationship both in the red and dark coatings (Fig.
24a). In contrast, Cu and As plot distinctly separate (off a line of constant ratio) between 
the two coating types (Fig. 24b). This evidence strongly suggests different chemical 
associations for these metals between the two coating types. However, within each 
coating type the ratios are very similar. As and Zn exhibit a similar pattern (Fig. 24c). 
More patterns emerge when trace elements are plotted against major elements. Fe and 
Mn plotted against trace elements suggest completely different molar associations occur 
between the two coating types (Fig. 25). Smaller ratio differences (closer associations) 
occurred between coating types in the plots of Fe:As (Fig. 25a), Mn:Cu (Fig. 25e) and 
Mn:Zn (Fig. 25f). Each of these plots suggest that the major elements are partitioned
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slightly differently with the minor elements between the two coating types. The 
partitioning variations are much more pronouncedwith Fe:Cu (Fig. 25b), Fe:Zn (Fig.
25c) and Mn:As (Fig. 25d). Much stronger associations appeared when trace elements 
are plotted against Al, Si and S (Figure 26). This information, compared with the 
similarity o f Al, Si and S molar plots, was suggestive of a common association of these 
elements with the trace elements.
Coating composition was also sampled by dissolving the coating material off 
three hand-picked samples o f coated grains. Consistent with microprobe data, red 
coatings were Fe-rich. A small amount o f Mn was present, probably from patches o f 
dark coatings observed in depressions on the grain surface. The dark coatings were 
composed o f Mn and Fe. Dark coatings from the light fraction were near a one to one 
FeiMn ratio while dark coatings from the heavy fraction increased 4 times in Fe content 
with a small increase in Mn (Table 7). More pronounced than in microprobe analysis, 
the dissolved coating data produced an obvious Al and Si relationship for the red 
coatings. Between the light and heavy fractions o f dark coatings, the higher Si and Al 
values in the heavy fraction probably are tied to the increase in Fe. The digested coatings 
revealed variable amounts of trace elements (Table 8). As, Cu, Ag, Mo, Sb, and Pb 
concentrations were highest in the Fe-rich coatings but also were present in substantial 
quantities in the other samples. These metals were always higher in the dark heavy 
sample, presumably because of its higher Fe content. Co, Ni and Ca showed obvious 
preference for the Mn-rich component. Zn and Cd were equally concentrated in both 
coating types.
To summarize, data from microprobed and dissolved coatings suggest 
associations of metals with particular coating types. As and Pb clearly prefeired the Fe- 
rich phase. Cu and Zn in the microprobe data exhibited a strong trend indicating they 
were associated together, and had closer associations plotted against Mn than against
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Fe. The linear trend formed with both Cu and Zn against Mn deviated from the line of 
constant ratio for both metals indicating a small change in ratio between the metal:Mn 
relationship. However, in the dissolved coating data, Cu and Zn had a greater 
concentration in the red coatings than in light fraction dark coatings. Similar preferential 
associations of As and Pb with Fe are observed in data from the chemical composition 
of marine (Calvert and Price, 1977; Li, 1982) and freshwater (Callender et al., 1973) 
ferromanganese nodules. These studies found associations o f Cu and Zn with Mn as 
well as Ni and Mg, which agree with dissolved coating data presented here. Sb and Mo 
preference for Fe in this study disagrees with reports by Li (1982) and Co-Fe preference 
agrees with the marine studies but conflicts with the freshwater study of Callender 
(1973), in Li (1982). Cd exhibited a slight preference for Mn; this disagreed with 
Calvert and Price (1977) but agreed with Callender (1973). Buckley (1989) and Stouff 
and Boulegue (1989) both observed only slight amounts o f transition elements 
associated with Fe rich phases in metal rich ferromanganese deposits. This contrasts 
with the data presented here.
No trend was apparent in concentrations o f Mn or Fe with microprobe transects 
o f coatings; seemingly concentrations vary randomly. No trends were apparent 
associating changes in Mn and changes in Fe. Sometimes Mn was highest on the 
coating edge, sometimes in the middle and sometimes near the grain. Highest values for 
both Fe and Mn occurred in the same spot as often as no apparent association. These 
results may reflect different genetic origins for layers, or absence of a uniform depth 
related chemical concentrating process that would produce a repeated trend in 
concentration. No patterns are apparent in trace metal concentration between transect 
sites. Variations in trace metal concentration did not correspond to changes in Fe or Mn 
for any of the samples.
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The seemingly unpattemed variations between trace metals and major element 
content within oxy-hydroxide coatings reported here may actually record the past 
changes o f the chemical environment (Buckley, 1989; Hem, 1978).The partitioning of 
metals within various constituents o f bottom sediments is a process not well 
understood. Bradford and Horowitz (1982) summarize by stating “partitioning is a 
dynamic process in which various substrates compete for different inorganic 
constituents and the relative concentrations o f differing substrates strongly influence 
partitioning (Benjamin and Leckie, 1981). Although not specifically stated, partitioning 
can and will change with varying physiochemical conditions (changes in Eh, pH, solute 
concentrations, solute form, etc.) and with transport and mixing processes owing to the 
addition, dilution or removal of available substrates”.
Most metals associate with oxides by the processes of adsorption and 
coprecipitation. Adsorption studies and sequential leaching experiments generally show 
that adsorption of metal ions by the hydrous oxides increases with pH and with the 
concentration of metal ions in solution (Johnson, 1986; Tessier et al., 1985; Robinson, 
1984). In the case of Fe-oxy-hydroxides, adsorption can also be affected by changes in 
temperature, the age of the precipitate, organic presence and binding strength of the 
element (Tessier et al., 1985; Davis and Leckie, 1978; Benjamin and Leckie; 1981). 
Redox mechanisms must also be considered (Hem, 1978; Tipping, 1986). Hem 
discusses that Mn coatings reflect whatever is dissolved in the water at the time of 
formation. Transect chemical variations o f coatings in this study may represent changing 
chemical conditions within the river bottom environment at the time of coating 
formation. For example, Ag can coprecipitate with ferric hydroxide only under certain 
conditions o f low oxygen and pH (probably lower than alkaline) (Hem , 1978). High
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amounts o f Ag in the red coatings of this study (Table 8) is likely a reflection o f these 
conditions. Amorphous and crystalline iron oxides also remove arsenate and sulfate 
from solution under acid conditions (Davis and Leckie, 1980). Aluminous hydroxyl 
complexes, discussed earlier as one possible chemical form of Al in the coating material, 
and Si are stable at pH >6. If Al is present in this form in red coatings, then this and the 
presence of As and Ag would clearly record two very different chemical environmental 
conditions. This explanation would produce the considerable partitioning heterogeneity 
observed.
Controlled experiments find affinities for certain metals with Fe or Mn oxide 
components but these models cannot yet integrate the complexity of natural systems. 
However, adsorption studies and sequential leaching do indicate that adsorptive 
properties o f Fe and Mn oxy-hydroxides play an important role in controlling dissolved 
trace element concentrations from solutions (Hem, 1978; Johnson, 1986; Benjamin and 
Leckie, 1981) and within oxic pore waters of lake sediments (Tessier et al., 1985).
Whether these are the major controlling factors is not yet established, as the competitive 
adsorption effects from other substrates are difficult to assign. Molar ratio relationships 
between the bulk, heavy, and light fractions of five grain sizes between the five different 
sample sites are remarkably similar (Fig. 27)^. Bulk and light fractions plot almost on 
top of each other along a diagonal line of constant ratio. Heavy fractions plot higher 
along this same line, signifying higher metal concentrations but still at a constant ratio 
(no change in association). The greatest data separation of this type occurs for elements 
plotted against Fe (Fig.27b, e and h). All elemental combinations exhibit the constant 
ratio trend. A migration down the constant ratio line represents the decreasing metal 
concentrations exhibited between upstream and downstream sites. While concentrations
1 Each graph represents all the sites and grain sizes for bulk, heavy and light fractions for a particular 
metal combination. Log/log plots allow for large differences in concentration, and subdue minor 
variability within grain size.
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change downstream, lack o f significant change in ratios suggests that only physical 
and/or uniform chemical processes affect the sediment.
Sulfide grains in an oxidizing environment are in chemical disequilibrium and 
release associated elements to the surrounding water as they oxidize. Optical study 
revealed abundant sulfide grains in various stages o f weathering. During weathering, as 
re-partitioning o f elements from sulfides to oxides occurs, elemental ratios should 
change. On the molar ratio plots, changing elemental ratios appears as a line diverging 
from a diagonal constant ratio line. Slopes greater or less than the diagonal indicate 
which element is increasing or decreasing. The data from this study show no selective 
geochemical effects between these sediment components within the site or spatially 
downstream. The fact that sulfide weathering does not show up in the ratios means 
whatever happened to one of the elements happened to all, even for very chemically 
different elements as As and Cu (Fig. 27a). These metals were not leaving the sediment 
and appear to have been transformed in the “solid state”. This process was uniform 
throughout the sample sites with no apparent effect from grain size. The coating material 
dissolved off of hand-picked grains plotted uniformly along these same molar trends 
(Fig. 27, open symbols). Arsenic plots (Fig. 27a, g and h) exibit the largest deviation 
from the sediment trends. Comparison of these plots show that the offset is related to 
the amount of As increasing in the dissolved coating material. This trend could be 
caused by the effect o f another influence in the sediment for As, such as As sulfides. 
Arsenic concentrations in duplicates (Table 3) had higher variability that may have 
hidden the effect of removing the heavy fraction (Fig. 8). Also, sorption and desorption 
processes with oxides are different for As compared to the other elements o f interest 
because it is anionic (Fuller et al., 1988). The congruous plots o f the isolated coating 
material with the rest of the chemical data suggest that partitioning mechanisms of Fe 
and Mn oxy-hydroxide coatings on predominantly light density grains dominate
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chemical control on metal concentrations and mobility within the Clark Fork bottom 
sediments. Decreasing element concentrations downstream (migration down the line of 
constant ratio) were controlled by the physical process of sediment dilution by inputs of 
uncontaminated sediment from the tributaries.
Determining the mineralogy of oxide components would provide valuable 
insight to the ways trace elements are incorporated in the coating material. However, Mn 
and Fe oxides that occur in natural environments are known to be generally impure and 
poorly crystallized (Hem 1978; Krishnamurti and Huang, 1989; Golden et al., 1988).
High amounts of Si in amorphous Fe oxides retard aging rate and may explain why 
most or all Fe oxides are amorphous (Davis and Leckie, 1980). Amorphous varieties of 
oxides are difficult to detect by X-ray analysis. Some researchers suggest that bimessite 
is the dominant Mn species (Carpenter et al.,1980; Postma 1985; Nowlan et al., 1983) 
in freshwater environments. Amoiphous ferric-oxy-hydroxide, hematite and goethite are 
dominant the Fe-oxide phases precipitating from surface waters and ground waters 
(Whittemore and Langmuir, 1974; Krishnamurti and Huang, 1989). Hematite and 
hematite/goethite components were detected in this study on a few dark-coated grains 
from downstream heavy fractions (>250 pm ) by powder crystal X-ray diffraction 
analysis. Fe-rich dark coatings probably result from the aging of amorphous iron phases 
into a fine crystalline hematite or goethite.
The mineralogy of the oxide phases is also important for bioavailability. 
Amorphous oxides have much higher absorption capacity than aged precipitates because 
o f higher surface area and porosity (Crosby et al., 1983). Amorphous Fe oxy- 
hydroxides are much less stable chemically, and orders of magnitude more soluble than 
hematite or goethite (Jenne, 1977). These properties in turn will control the availability 
o f the metals associated with them.
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Equally as important, is the unknown influence of organic materials on surface 
chemistry of Fe and Mn oxy-hydroxides. Many studies find them to be intimately 
related or coprecipitated with organic substrates (Leenheer, 1982; Tipping, 1986; Ferris 
et al., 1989). Photomicrographs of some iron coatings showed features suggestive of 
organic or colloidal coprecipitation in iron rich coatings e.g., (Figure 18). Organic 
coatings partially or completely cover the surface of most aquatic sediments and 
dominate their surface charge properties with negative charge characteristics (Leenheer, 
1982). Organic coatings strongly affect trace metal adsorption and may enhance or 
depress the concentration capabilities o f the underlying surface (Davis and Leckie, 1978; 
Leenheer, 1982). Varying degrees of strength of organic-metal associations result from 
variability o f constituent and organic matter type, and organic-inorganic complex 
stability (Francis and Dodge, 1990).
The source of Mn and Fe for coating formation is still unknown. Ranges in ratio 
in major element associations (such as Fig. 11, Fig.20d and e for dark coatings, and 
25b and c for dark coatings) may reflect multiple source areas for Mn and Fe. Two 
distinct manganese mineral phases have been detected in a large number o f marine 
ferromanganese nodules (Salomons and Forstner,1984; Piper et al., 1979), suggested 
in data o f several hundred analysis points o f Fe-Mn coatings and encrustations 
(Buckley, 1989) and general Mn river chemistry experiments (Laxan et al., 1984).
There is good evidence that these two Mn-metal associations may represent two sources 
of Mn ions, one from the water column and one from the sediment pore water or ground 
water influx (Buckley, 1989; Laxan et al., 1984). Diagenetic reactions and recycling of 
metals in the pore waters of the sediment are considered responsible for forming 
coatings in ferromanganese marine nodules (Balzer, 1982). The possibility of a vertical 
redox gradient between the sediments and the overlying water is suggested by some 
authors as a formational environment for Fe-Mn oxy-hydroxide coatings (Filipek et al.,
30
1981; Carpenter et al., 1980; Nowlan et al., 1983; Robinson, 1981). Micro redox 
environments are evident in river environments from the common occurrence of grains 
and cobbles with half black, half red coatings (Whitney, 1975; Nowlan et al., 1983).
These environments result from reducing pore waters created by the decay of organics, 
or acidic ground water seeps. Reduced Mn and Fe generated by these conditions would 
precipitate at the boundary with oxygenated river water. It has been shown in laboratory 
experiments that Mn-Fe hydrous oxides are very susceptible to slight variations in pH 
and Eh within the naturally occurring range. Optical observation of the coatings from 
this study at first appeared to display some Mn-rich coatings with continuous layering. 
Closer inspection of these Mn surfaces showed that layering seemed to pinch out on 
some edges, suggesting the material is depositing on a particular exposure surface 
instead of evenly on all sides of the grain e.g., (Figure 14b). Slight rotation of the grain 
would change the exposure angle, resulting in another coating surface.
Micro redox environments may also explain ferromanganese oxy-hydroxide 
coating development tens o f kilometers downstream from the source of contamination.
The removal of Mn and Fe from the water column appears to be a relatively quick 
process. Rapid removal o f Mn from the dissolved phase may happen as a result of 
oxidation catalysis by bacteria, which is believed to speed the removal process by as 
much as five orders of magnitude (Emerson et al., 1982; Chapman et al., 1983). There 
is strong evidence that the highly charged surfaces of bacteria act as nucleating sites for 
the concentration of heavy metals in the water column. As the nucleating matter grows, 
gravity forces remove these ’’particles” to the sediment (Mayers and Beveridge, 1989). 
There must be other sources for metals supplying coating constituents great distances 
downstream. One explanation may be periodic ground water seeps providing metal rich 
waters to the sediments from below. Metal rich waters can also be produced if metal- 
rich fine-grained material is covered and trapped by coarse sediment. Lack of oxygen
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will reduce and mobilize metals upward into the overlying coarse grains. These 
suggestions for coating occurrence are more plausible than metal transport by some kind 
of rolling redox front that alternates in dissolving and re precipitating metals from the 
water column. Direct analysis studies would be useful in establishing features o f micro 
redox environments, such as truncated or one-sided coating deposition. A larger sample 
base for microprobe analysis may solidify evidence o f multiple sources through ratio 
comparison.
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CONCLUSIONS
From data presented here, metal-rich Fe and Mn oxy-hydroxide coatings in the 
light density components are the exclusive source o f large amounts of As, Cu, Zn, Pb 
and Mn in coarse-grained size fractions o f Clark Fork bed sediment. Heavy density 
components (heavy minerals, sulfides, slag and smelter spheres), although extremely 
rich in metals, have almost no effect on bulk concentration in the coarse size fractions. 
In a coarse-grained dominated river system like the Clark Fork River, the role of these 
coarse grain coatings in the uptake of metals is magnified by their large volume. These 
observations have direct impact on (a) contaminant remediation studies, which need to 
know the physiochemical forms of which the contaminant metals reside, and (b) 
sediment characterization methods that recommend analysis of or normalization to only 
the <63 size fraction for comparison between different sediment systems.
River systems exhibiting coarse-grained enrichment are a valuable starting place 
to obtain direct information on Fe and Mn-rich oxy-hydroxide moiphology and 
chemistry. Two optically, chemically, and structurally distinct components are apparent 
that concentrate large amounts of trace elements. The distinct coating types appear to 
show preference for trace elements they incorporate. However, this is not considered 
conclusive because of the variety o f unknown influences. A strong preference between 
As and Fe-rich coatings is probable. Investigation of these aspects provides clues to the 
complex depositional origins of the coatings and to contaminant transport within 
freshwater systems.
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Table 1.
NBS SED2 precision results- ICAPES analysis 
(values in |xg/g sediment).
Element SED2 measured* SED2 reported % Recoverv
As 163 144 113
Cd 8.5 8.3 102
Cu 1.20 X 103 1.10 X 103 108
Fe 1.97 X 1Q4 2.28x 104 86
Mn 1.51 X 103 1.50 X 103 101
Ni 9.5 10.8 88
Pb 153 149 103
Zn 1.53 X 103 1.50 x 103 102
*mean, n=10 (5 samples of SED2 at .5g, 5 samples of SED2 at .25g)
Table 2.
Limits of detection for aqua regia sediment digests- ICAPES analysis
(values in p.g/g sediment).
As Cd Cu Fe Mn Ni Pb Zn
4 .6 0.2 0.6 6.1 0.3 1.2 6.3 1.9
Determined from standard deviation of method blank (n=10) multiplied by 3.
Table 3.
Duplicate results of aqua regia sediment digests (ug/g sediment).
RPD= Relative Percent Difference 
(the difference o f two replicates divided by their average* 100)
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Sample
dl500-1000bulk 
dl500-1000 heavy 
dl 250-500 bulk 
dl250-500heavy 
dl 250-500 light 
dl 125-250 bulk 
dl 125-250 heavy 
dl 125-250 light 
dl 63-125 bulk 
dl 63-125 heavy 
dl 63-125 light 
dl <63 bulk 
dl <63 heavy 
dl <63 light 
nd 125-250 bulk 
nd 125-250 heavy 
nd 125-250 light 
nd <63 bulk 
nd <63 heavy 
nd <63 light 
gc 500-1000 bulk 
gc 5(X)-1000 heavy 
gc 500-1000 light 
gc 125-250 bulk 
gc 125-250 heavy 
gc 125-250 light 
bm 500-1000 bulk 
bm 500-1000 heavy 
bm 500-1000 light 
bm 250-500 bulk 
bm 250-500 heavy 
bm 250-500 light 
tb 63-125 bulk 
tb 63-125 heavy 
tb 63-125 light
As Cd Cu Fe M n N i Pb
RPD BD BD 14 25 16 7 6 14
RPD 46 BD 1 11 9 20 29 13
RPD BD BD 21 36 26 8 8 21
RPD 30 BD 4 12 6 10 20 1
RPD 78 BD 3 13 14 BD 61 3
RPD 34 BD 11 8 4 28 5 18
RPD 31 BD 4 8 2 24 18 6
RPD 22 BD 22 15 24 BD 80 17
RPD 14 35 6 12 2 36 7 1
RPD 17 BD 1 6 4 2 7 7
RPD 7 35 1 8 1 18 9 1
RPD 3 13 0 22 3 11 8 3
RPD 6 0 5 5 2 44 6 2
RPD 2 18 0 2 2 74 4 3
RPD 1 24 2 21 4 23 21 6
RPD 33 BD 1 58 5 21 7 4
RPD 15 16 10 4 8 12 1 8
RPD 10 0 5 2 6 14 5 8
RPD 13 23 4 19 1 1 1 3
RPD 2 16 4 0 5 15 5 2
RPD 8 7 5 7 10 25 24 5
RPD 4 BD 2 4 1 19 14 2
RPD 17 BD 2 3 4 11 29 1
RPD 5 BD 10 8 8 4 22 7
RPD 56 BD 7 22 11 49 15 7
RPD 3 25 8 6 10 25 34 5
RPD 9 6 5 5 4 0 32 1
RPD 19 BD 0 9 17 3 28 0
RPD 19 83 3 4 4 26 23 2
RPD 19 91 7 9 10 26 17 10
RPD 23 BD 3 15 8 23 32 2
RPD 6 16 31 3 16 27 29 7
RPD 3 55 1 3 3 1 30 2
RPD 63 BD 6 45 4 32 32 2
RPD 18 8 2 1 4 29 19 1
BD=near or below the limit of detection
DL=Deer Lodge, ND=North of Deer Lodge, GC=Gold Creek, BM=Bearmouth, 
TB=Turah Bridge
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Table 4.
Summary of results from microprobe analysis o f red coatings.
Sample FIG . Fe Mn s Al Si Cu Zn Pb As
R l-coat edge 15 29.5 0.11 0.18 5.1 9.2 0.45 2.1 0.08B 0.18
-middle 25.4 0.09 0-25 4.4 6.9 0.27 1.4 O.OOB 0.16
-grain edge 29.9 0.20 0.23 4.7 7.8 0.43 1.9 O.OOB 0.22
R2-flakey ppt. 16 7.5 13.2 0.16 4.9 3.8 0.33 0.87 0.02B 0.23
-white layer 45.7 0.23 0.75 1.8 3.3 0.47 0.82 0.04B 0.57
- coat edge 38.1 0.28 0.41 3.1 4.8 0.35 0.76 0.07B 0.59
-white layer 40.6 0.17 0.32 2.9 5.9 0.37 0.77 0.08B 0.64
-grain edge 39.6 0.14 0.29 4.4 8.4 0.42 0.67 0.06B 0.54
R3-white layer 21 33.3 0.03 0.62 4.8 4.1 0.53 0.91 0.05B 0.35
wierd particle 1.6 0.07 2.68 3.5 0.29 0.07 O.OB O.OOB OIB
R4-coat edge NP* 34.2 0.56 0.59 4.1 7.8 0.19 0.92 0.29B 0.34
-middle 40.9 0.62 1.04 3.2 4 .6 0.22 0.43 0.20B 0.33
-grain edge 36.8 0.37 0.97 6.7 11.8 0.29 0.53 0.13B 0.20
Values in elemental weight percent.
Each value represents average of triplicate.
*NP=not pictured.
Limits o f detection for elements o f interest are Cu (0.06), Zn (0.04), Pb (0.11), As 
(0.11), 8(0.01), A l(O .ll), Si(0.32), M n(0.02), Fe(0.51).
B=Below or equal to the limit o f detection.
Table 5.
Summary of results from microprobe analysis o f other probe points.
Sample FIG . Fe Mn s Si Cu Zn Pb As
GC sphere 6 63* 0.40* 0.08* 0.17* 0.16* 04B .OOB 0.03B 0.18
GC/ND slag 4 30* 0 . 10* 0.67* 3.0* 17* 0.20 1.83 0.06B 0.15
ND red coat 5 29^ 0 .68^ 0.37^ 3.0^ 15^ 0.34 0.72 0.04B 0.04B
on slag
Values in elemental weight percent.
Each value represents average of triplicate except for *n=12; and ^n=10.
Whole numbers rounded off.
Limits of detection for elements o f interest are Cu (0.06), Zn (0.04), Pb (0.11), As 
(0.11), S(O.Ol), A l(O .ll), Si(0.32), M n(0.02), Fe(0.51).
B=Below or equal to the limit of detection.
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T a b le  6.
Summary of results from microprobe analysis of dark coatings.
Sample FIG . Fe Mn s M Si Cu Zn Pb As
D3.a-coat edge NP* 1.1 29.2 0.31 0.29 0.51 0.58 1.37 O.OOB O .llB
-middle 7.1 21.1 0.16 2.03 3.06 0.64 1.93 O.OOB 0.1 IB
grain edge 5.0 14.2 0.18 4.37 8.90 0.69 2.05 O.OOB 0.05B
D3.b-coat edge 1.1 28.6 0.12 0.36 0.73 0.55 1.59 O.OOB 0.13
-middle 3.4 27.5 0.23 3.06 2.02 0.63 2.03 O.OOB 0.08B
grain edge 4.2 23.0 0.16 4.53 5.73 0.48 1.32 O.OOB 0.13
D3.c-coat edge 1.8 25.6 0.25 0.52 1.10 0.64 1.91 O.OOB 0.08B
-middle 1.7 27.5 0.19 0.41 0.71 0.73 3.62 O.OOB 0.13
grain edge 0.4 34.6 0.21 0.59 0.71 0.61 2.71 O.OOB 0.12
D3.d-coat edge 1.8 26.8 0.24 1.04 2.09 0.54 2.23 O.OOB 0.1 OB
-middle 1.7 25.7 0.12 1.16 2.37 0.62 3.61 O.OOB 0.08B
grain edge 0.3 25.2 0.11 13.81 9.66 0.34 1.67 O.OOB 0.04B
D4.a-coat edge NP* 0.5 28.5 0.17 1.16 1.53 0.48 2.23 O.OOB 0-03B
-middle 1.0 33.4 0.17 1.36 1.48 1.74 2.67 O.OOB O .llB
grain edge 1.0 10.1 0.15 2.95 2.07 1.51 3.05 O.OOB 0.07B
D4.b-coat edge 0.3 15.7 0.09 0.56 1.12 0.48 2.45 O.OOB 0.02B
-middle 0.6 28.4 0.24 0.89 1.39 1.28 2.75 O.OOB 0.08B
grain edge 1.0 38.3 0.22 1.95 1.73 1.42 3.95 O.OOB 0.08B
D5.a-coat edge NP* 0.8 21.5 0.46 5.27 3.73 0.88 2.76 0.03B 0.1 OB
-middle 0.8 33.1 0.34 7.97 3.76 1.60 6.52 O.OIB 0.13
dark band 4.9 25.8 0.32 3.02 1.72 1.47 7.32 O.OOB 0.16
grain edge 0.6 23.8 0.21 5.75 1.09 0.79 7.07 O.OOB 0.10
D5.b-coat edge 0.2 20.7 0.41 5.32 3.93 2.01 7.18 0.08B 0.14
-middle 1.5 29.1 0.53 18.76 1.36 0.91 3.11 O.OOB 0.07B
grain edge 0.6 25.5 0.18 5.06 1.65 1.74 10.15 O.OOB 0.16
Values in elemental weight percent.
All values average of triplicate.
*NP=not pictured.
Limits o f detection for trace elements are Cu (0.06), Zn (0.04), Pb (0.11), As (0.11) 
S(O.Ol), A l(O .ll), Si(0.32), M n(0.02), Fe(0.51).
B=Below or equal to limit o f detection.
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T a b le  7.
Results o f dissolution of coatings from handpicked grains 
(values in fig/g sediment).
Element DL* RL* DH*
Ag 30 17
A1 9.01 X 103 2.95 X 104 1.75 X 104
As 6.18 X 102 2.78 X 103 1.09 X 103
B 1.02 X 103 9.13 X 102 3.65 X 102
Ca 5.00 X 104 2.56 X 104 7.92 X 104
Cd 53 50 76
Co 151 28 240
Cr 45 70
Cu 4.22 X 103 9.30 X 103 7.51 X 103
Fe 5.74 X 104 3.83 X 105 2.45 X 105
K 1.53 X 104 1.30 X 104 8.86 X 103
Mg 8.94 X 103 2.61 X 103 8.81 X 103
Mn 8.54 X 104 8.33 X 103 1 .0 3 x 1 0 5
Mo 127 561 408
Na 2.16 X 103 1.81 X 103 1.32 X 103
Ni 75 19 140
P 5.68 X 103 8.00 X 103 1.66 X 104
Pb 8.41 X 102 3.05 X 103 2.74 X 103
Sb 29 109 87
Si 8.67 X 103 2.33 X 104 1.35 X 104
Sr 191 168 310
Ti 185 171 654
V 123 186 546
w 290 330 576
Y 55 72 115
Zn 1.02 X 1Q4 1.44 X 104 1.74 X 104
*DL= Dark Coatings from Light Fraction 
RL= Red Coatings from Light Fraction 
DH=Dark Coatings from Heavy Fraction
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Table 8.
Enrichment o f heavy sediment fraction compared to same size bulk fractions. 
(Enrichment factor=heavy fraction/bulk fraction in |Lig/g sediment)
Samole Name Ee Mn As Cd Cu Zn Pb Ni
Deer Lodge
DL 500-1000 7.8 8.9 4.0 BD 3.4 5.1 4.2 8.7
DL 250-500 7.1 5.6 4.5 BD 2.0 3.6 6.7 8.1
DL 125-250 7.4 2.9 1.9 BD 1.2 2.3 2.5 3.5
DL 63-125 4.7 1.9 1.2 BD 0.9 2.8 1.9 1.8
D L <63 3.7 1.3 1.5 2.1 1.4 3.3 1.4 1.2
North of Deer Lodge
ND 500-1000 15.5 2.2 10.6 3.1 8.3 15.4 10.2 3.6
ND 250-500 10.2 2.3 6.8 3.5 6.7 9.0 5.9 3.3
ND 125-250 10.5 0.9 2.4 1.8 1.5 3.5 2.9 1.6
ND 63-125 4.2 0.9 2.6 3.5 1.5 4.1 2.3 1-3
N D <63 3.8 0.4 2.1 1.9 0.7 2.5 1.3 0.7
Gold Creek
GC 500-1000 5.1 5.5 3.1 0.3 2.9 5.0 3.2 2.2
GC 250-500 5.1 1.4 4.0 BD 2.2 2.9 2.7 1.5
GC 125-250 7.6 1.9 1.5 BD 1.2 1.7 2.3 1.5
GC 63-125 4.4 1.7 1.2 0.2 1.0 1.6 2.1 1.4
GC <63 4.2 1.6 1.3 1.1 1.2 2.1 1.8 1.0
Bearmouth
BM 500-1000 5.7 4.2 3.6 BD 3.1 4.0 2.7 3.3
BM 250-500 6.2 2.3 7.0 BD 2.7 3.3 3.1 2.6
BM 125-250 3,2 1.2 3.0 0.7 1.1 1.6 2.0 1.3
BM 63-125 4.1 2.0 1.9 0.7 1.0 1.5 2.4 1.3
B M <63 3.3 1.7 1.3 1.1 1.1 1.6 2.0 1.3
Turah Bridge
TB 500-1000 4.3 2.6 2.0 0.0 2.2 2.5 1.8 3.7
TB 250-500 5.5 2.0 3.6 0.7 2.5 2.7 2.2 4.1
TB 125-250 4.5 2.0 2.6 0.7 2.0 2.3 3.2 2.8
TB 63-125 5.0 1.3 1.4 0.8 1.2 1.2 3.1 1.6
TB <63 4.5 1.1 1.3 1.2 1.9 1.7 2.4 1.5
BD=beIow detection
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T a b le  9,
Heavy sediment fraction weight distribution.
Grain Size Deer Lodge N. Deer 
Lodge
Gold Creek Bearmouth Turah Bridge
(DL) (ND) (GC) (BM) (TB)
500-1000 0.7 0 .4 1.7 0.5 1.6
250-500 1.9 1.2 3.4 1.5 0.9
125-250 9.6 5.8 5.3 3.5 1.8
63-125 12.1 7.1 9.2 5.1 3.8
<63 5.6 3.5 4.7 9.9 3.1
Weights in percent.
GENERAL LOCATION MAP
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Figure 1. Clark Fork River sample area. TB=Turah Bridge Site, BM=Bearmouth Site, , 
GC=Gold Creek Site, ND=North of Deerlodge Site, DL=Deerlodge Site, 
W S^W arm  Springs Site.
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Figure 2. Distribution by site of (a) Fe, (b) Mn, (c) As, (d) Cd, (e) Cu, (f) Zn, (g) Pb, and (h) Ni in bulk sample. Concentration in ppm. 
DL=Deerlodge, North of Deerlodge, GC=Gold Creek, BM=Bearmouth, TB=Turah Bridge. Each site shows grain size fractions (from left to 
right) 500-1000 urn, 250-500,125-250, 63-125, <63 um.
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Figure 3. Distribution by grain size of (a) Fe, (b) Mn, (c) As, (d) Cd, (e) Cu, (f) Zn, (g) Pb, and (h) Ni in bulk sample. Concentration in 
ppm. Each grain size group shows each sample site; DL=Deerlodge, ND=North of Deerlodge, GC=Gold Creek, BM=Bearmouth, 
TB=Turah Bridge.
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Figure 4. Representative whole grains o f smelter slag. Sample WS 750-1000 um  (2.5X).
Figure 5. Slag with red crust in transmitted lig h t ND 500-1000 um  (4X).
49
Figure 6. Spherical particles thought to be air fallout from Anaconda smelter. Abundant 
in GC sample in all grain sizes. GC 250-500 um  (8X).
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Figure 7. Distribution by site of (a) Fe, (b) Mn. (c) As, (d) Cd, (e) Cu, (f) Zn, (g) Pb, and (h) Ni in heavy sample. Concentration in 
ppm. DL=Deerlodge, ND=North of Deerlodge, GC=Gold Creek, BM=Bearmouth, TB=Turah Bridge. Each site shows grain size 
fractions (from left to right) 500-1 OOOum, 250-500,125-250, 63-125, <63 um.
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Figure 8. Difference in metal distribution between bulk and light subsample, (a) Fe, (b) As, 
(c) Cu, (d) Pb, (e) Mn, (f) Cd, (g) Zn and (h) Ni. Concentration in ppm. Numbers represent 
grain size fractions; 1=500-1000 um, 2=250-500, 3=125-250, 4=63-125, 5=<63 um. 
DL=Deerlodge, ND=North of Deerlodge, GC=Gold Creek, BM=Bearmouth, TB=Turah 
Bridge.
9a. Deerlodge (DL) 9b. North of Deerlodge (ND) 9c. Gold Creek (GC)
o  'm 'COLO CM CDin CM
50.00-q
45.00- 
40.00^ 
35.004
30.00-
25.00-
20.00-
15.00-
10.0 0 -  
5.00- 
0.00
o  in COm CM CD 
CM 1-
50.00-q
45.004
40.004 
35.00
30.004
25.004
20.004
15.004
10.004 
5.004 
0.00
0'̂CO
o c o ino c in CMo in CM
V c: in COo in CM CDo
in CM
9d. Bearmouth (BM) 9e. Turah Bridge (TB)
c  o  in c  in CMir CM
50.00-
45.004
40.004
35.004
30.004
25.00-
20.00-
15.00-
10.00 -  
5.00- 
0.00
Figure 9. Normalized weight 
distribution of grain sizes for each 
sample site.
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Figure 10. Arsenic "content" from upstream  and dow nstream  sam ple site. 
(Content= Normalized grain size percentage * concentration in ppm *100). a. bulk 
fraction, b. heavy fraction. Note that heavy grain size distribution is different from 
bulk grain size distribution.
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Figure 11. Molar ratio plot of Fe vs. Mn from coating analysis by 
electron microprobe. Two distinct regions of coatings form that are also 
optically distinct. Flaky substance described in text is from sample 
coating R2 and is pictured in Figure 17.
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t
Figure 12. Representative dark coatings on whole grains from the upper Clark Fork River 
region. Pictured grains are from WS 750-1000 um  (2.5X). The grain in the 
upper right com er is a piece o f oxidizing smelter glass or ‘‘slag”.
Figure 13. Representative red coatings on whole grains from the upper Clark Fork River 
region. Pictured grains are from WS 750-1000 um (2.5X).
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ü
Figure 14a. Dark coating in thin section with transmitted light. 
Sample ND 250-500 um  (8X).
f.
Figure 14b. D ark coating from Fig. 14a in reflected light. Note fine layering structure. 
Sample ND 250-500 wm (40X).
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Figure 15a. Red coating in thin section with transmitted light. 
Sample WS 500-1000 um  (4X).
Figure 15b. Red coating from Fig. 15a in reflected light. Sample WS 500-1000 um  (16X).
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f  ,  '  i  ■
Figure 16. Red layered coating in thin section. Lighting set halfway between transmitted 
and reflected. Area analyzed by electron microprobe outlined by box (see 
Table 4, ^ a in  R2 for data). A. Distinct white layer is present wherever 
layering is observed in red coatings. B. Fine grain particulate settles in 
structural cracks and depressions in grain surface. WS 350-5CK) um  (40X).
Figure 17. H igher magnification o f dark coating from Figure 15. A. Coating edge has 
light outer layer o f red coating. Sample ND 250-500 um  (40X).
59
Figure 18. Red coating showing gelatinous nature in transmitted light. 
WS 500-1000 um  (4X).
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Figure 19. Ternary digrams of( a.) Al-Fe-Mn and (b.) Si-Fe-Mn molar 
relationships in red and dark coating material analyzed by electron microprobe.
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Figure 20. Molar ratios of major elem ents in coating material analyzed by electron 
microprobe (a) Si:AI, (b) Fe:AI, (c) Fe:Si, (d) Mn:AI, (e) Mn:Si.
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Figure 21. Red coating o f sample grain R3 with trapped particle (A). Area analyzed by 
electron microprobe outlined by box (see Table 4, grain R3 for data). Notice layer that 
shows white in reflected light. WS 350-500 um  (16X).
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Figure 22. Molar ratios of major elem entsagainst S  in coating material analyzed 
by electron microprobe, (a) Si:S, (b) AI;S, (c) Fe:S, (d) Mn:S.
6 4
Figure 23. Layering in slag coating growth (A) in reflected light. Note presence of 
distinct white layer (arrow). Sample ND 250-500 (40X).
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Figure 24. Molar ratios of trace elem ents in coating material analyzed by 
electron microprobe (a) ZnrCu , (b) As:Cu, (c ) As;Zn.
lOOOO-T^^âi
1000
o
c
Q)
S2
<
100
1:100
1 10 100 1000 10000
25d.10000
000
100
<
1:100
100 1000 10000101
66
Iron M anganese
000
g)
§: 100o
o
1:100
1 10 100 1000 10000
1000
IoO 00
100 1000 10000101
Iron M anganese
1000
uc 100
N
10 100 1000 100001
Iron
25f.10000
000
oc
N
100
100 1000 10000101
M anganese
O Red Coatings 
#  Dark Coatings
Figure 25. Molar ratios of trace elem ents against Fe and Mn in coating material, 
(a) As:Fe, (b)Cu:Fe, (c) Zn:Fe, (d) As:Mn, (e) Cu:Mn, (f) Zn:Mn.
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Figure 26. Molar ratios of trace elem ents against Al, Si and S in coating material analyzed by
electron microprobe (a) AsiAl, (b) CuiAl, (c) Zn:AI, (d) As:Si, (e) Cu:Si, (f) Zn:Si, (g) As:S, (h) Cu:S, (i) Zn:S.
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0 0 0 1 10 100 
Arsenic
27c.10000
1000
£2. 100-
100:1
.  I I IIKIH I I I I
0.10 1.00 10.00 100 1000 
Copper
10:1
100010 1001
27i10000
& 100-
0.01 0.10 1.00 10 100
Zinc Arsenic
■ Bulk o DL
# Heavy C RL
▲ Light o DM
Figure 27. Molar ratios of bulk, heavy and light sedim ent subsam ples (dark symbols) of each  
grain s ize  and site. Open symbols represent dissolved coating material data from Table 8. 
DL-Dark Coatings from Light Fraction, RL=Red Coatings from Light Fraction, DH=Dark 
Coatings from Heavy Fraction, (a) As;Cu, (b) Fe:Cu, (c) Mn:Cu, (d) Cu:Zn , (e) Fe:Zn, (f) 
Mn:Zn, (g) As/Zn, (h) Fe/As, (I) Mn/As.
A p p e n d i x  A
Aqua Regia Sediment Digests 
All results in ug/g sediment or solution (blanks)
Page 1. Method Blanks used to determine Limits of Detection (run after every ten 
samples for analytical control)
Pages 2-4. Dilution and weight corrected ICAPES data on bulk, heavy and light fractions 
o f Clark Fork sediment from sites DL, ND, GC, BM, TB (see Figure 1).
Pages 5-8. Duplicates o f sediment digests.
Limits of Detection (LOD)
(pg/g solution)
M ethod
Blank
Al As Cd Cu Fe Mn Ni Pb Zn
blank 1 -3.30 -4.00 0.00 -0.17 3.10 0.19 0.00 1.10 1.14
blank 2 1.60 1.10 0.15 -0.12 4.20 0.22 0.60 5.10 1.29
blank 3 1.90 -1.30 -0.02 -0.55 4.90 0.20 1.10 4.50 1.46
blank 4 0.04 -0.02 0.00 0.00 0.03 0.00 -0.01 -0.04 0-02
blank 5 0.07 -0.04 -0.00 -0.00 0.11 0.00 -0.01 -0.02 0.02
blank 6 0.08 0 0.00 0.02 0.04 0.00 0 0.00 0.02
blank 7 0.09 0.02 -0.00 0.01 0.17 0.01 -0.00 0.01 0.02
std 1.56 1.53 0.05 0.19 2.03 0.10 0.41 2.11 0.64
LOD 4.68 4.58 0.16 0.57 6.09 0.30 1.22 6.34 1.91
A l
Sample Name 
Deerlodoe (PÜ
dl <63 Bulk 
dl 63-125 Bulk 
dl 125-250 bulk 
dl 250-500 bulk 
dl 500-1000 bulk 
dl 500-1000 heavy 
dl 250-500 heavy 
dl 125-250 heavy 
dl 63-125 heavy 
dl <63 heavy 
dl 500-1000 light 
dl 250-500 light 
dl 125-250 light 
dl 63-125 light 
dl <63 light
North of Deerlodae (NDl
nd 500-1000 bulk 
nd 250-500 bulk 
nd 125-250 bulk 
nd 63-125 bulk 
nd <63 bulk 
nd 500-1000 heavy 
nd 250-500 heavy 
nd 125-250 heavy 
nd 63-125 heavy 
nd <63 heavy 
nd 500-1000 light
A ppendix  A
As
Regia Sediment Digests-
Cd Cu
Dilution
Fe
and Weight
Mn
Corrected
Ni
Data
Pb Zn
150 4.04 1493 42959 1707 16.51 235 1635
87 0.92 721 36469 770 10.96 151 871
21 -0.18 215 22927 233 4.59 48 262
5 -0.36 68 7971 114 2.39 15 119
10 -0.24 52 7979 95 2.79 15 102
40 -1.40 177 62275 846 24.35 61 525
23 -1.31 136 56634 635 19,41 99 430
40 -5.95 251 169048 680 15.87 120 593
107 -0.64 657 170712 1466 19.50 293 2411
224 8.66 2024 160415 2253 19 95 332 5339
2 0.16 66 7460 126 4.20 21 112
7 0.00 61 5929 101 1.80 12 102
24 0.22 243 9091 210 4.39 48 272
63 1.05 594 17672 503 8.56 111 582
91 2.91 890 24731 806 13.96 157 1050
37 164 276 10440 3340 9.80 56 497
41 197 272 10253 3868 10.15 76 559
52 2.17 406 14326 4150 11.36 86 798
78 4.15 774 37161 7363 16.01 137 1483
232 13.34 4622 43539 17270 29.56 294 3597
397 5.12 2284 161636 7474 35.35 572 7637
277 6.83 1836 104407 8964 32.95 445 5010
122 393 592 150238 3905 18.28 247 2785
200 14,46 1155 155751 6522 20.77 316 6106
489 25.10 3270 165076 6066 21.48 371 8823
31 2.07 242
2
9877 3546 9.36 151 511
Aqua Regia Sediment Digests- Dilution and Weight Corrected Data
Sample Name As Cd Cu Fe Mn Ni Pb Zn
nd 250-500 light 37 1.88 266 9096 3686 9.38 69 528
nd 125-250 light 73 4.02 520 16687 2788 13.72 97 1405
nd 63-125 light 97 7.15 809 21921 3013 17.14 134 2088
nd <63 light 133 9.13 1089 25692 3820 18.58 164 2488
Gold Creek tGCI
gc 500-1000 bulk 45 2.11 366 20485 1003 13.72 77 742
gc 250-500 bulk 38 1,08 296 22120 762 15.34 72 810
gc 125-250 bulk 33 1.08 258 24128 628 13.36 64 677
gc 63-125 bulk 50 2.34 511 28543 1043 17.37 101 1172
gc <63 bulk 73 3.74 713 26269 1154 17.11 116 1342
gc 500 1000 heavy 137 0.56 1076 103476 5557 29.56 246 3714
gc 250-500 heavy 151 0.00 657 112614 1096 22.28 195 2338
gc 125-250 heavy 50 -3.67 301 182290 1169 19.55 148 1124
gc 63-125 heavy 60 0.56 514 124751 1819 23.91 214 1921
gc <63 heavy 96 3.91 828 109737 1853 17.56 213 2753
gc 500-1000 light 31 1.40 294 16969 706 10.57 65 560
gc 250-500 tight 30 0.80 249 16169 741 12.94 63 596
gc 125-250 tight 30 1.58 302 16466 746 1359 67 754
gc 63-125 light 39 2.12 447 18305 873 18.78 85 1004
gc <63 light 64 3.31 658 21606 1095 16.45 112 1191
Bearmouth IBM)
bm 500-1000 bulk 19 0.32 97 12275 645 8.58 43 357
bm 250-500 bulk 12 0.20 113 10643 729 9.58 45 448
bm 125-250 bulk 22 0.80 226 17403 1410 13.79 67 809
bm 63-125 bulk 24 1.42 285 17378 1659 12.57 74 924
bm <63 bulk 43 2.61 579 21153 2287 13.37 101 1157
bm 500-1000 heavy 
Appendix A
67 -0.76 300
3
70120 2729 28.69 118 1424
Aqua Regia Sediment Digests- Dilution and Weight Corrected Data
Sample Name As Cd Cu Fe Mn NI Pb Zn
bm 250-500 heavy 85 000 310 65685 1691 25.08 138 1467
bm 125-250 heavy 66 0.56 249 56461 1701 17.50 136 1178
bm 63-125 heavy 47 0.96 279 70147 3358 16.74 179 1338
bm <63 heavy 56 2.90 640 70747 3940 16.69 199 1798
bm 500-1000 light 17 1.02 153 12920 734 10.60 55 454
bm 250-500 light 24 0.72 172 12831 1046 10.36 60 569
bm 125-250 light 21 1.36 196 13264 1234 11.99 61 730
bm 63-125 heavy 24 1.53 257 13782 1442 12.55 65 859
bm <63 light 35 1.81 354 14692 1661 13.52 79 963
Turah BridaeiTB)
tb 500-1000 bulk 22 046 115 13387 463 8.59 43 281
tb 250-500 bulk 18 0.42 120 9013 495 6.57 43 370
tb 125-250 bulk 33 0.76 164 10872 768 9.77 46 573
tb 63-125 bulk 28 1.88 267 14537 1758 12.18 65 873
tb <63 bulk 45 2.98 493 18704 2610 14.91 98 1175
tb 500-1000 heavy 44 175 250 57585 1188 31.77 78 692
tb 250-500 heavy 66 0.28 296 49741 971 26.66 93 1008
tb 125-250 heavy 85 0.56 326 48567 1558 27.07 148 1320
tb63-125 heavy 40 1.50 321 72051 2219 19.40 200 1044
tb <63 heavy 59 3.69 940 83281 3895 22.54 238 1962
tb 500-1000 light 20 0.38 106 12420 452 8.79 46 286
tb 250-500 light 17 0.24 105 8480 441 6.80 47 327
tb 125-250 light 19 0.87 177 10865 866 9.30 51 615
tb63 125 light 27 2.05 314 13987 1328 16.40 70 949
tb <63 light 61 4.16 584 18670 2021 15.79 117 1410
A ppendix  A
Sâmelê As
Duplicates of Aqua Regia Sediment Digests
_  Cd _  Cu Fe -■ Mn  Wi £ b
RPD= Relative Percent Difference ( the difference of two replicates divided by their average).
2 ü
dl500-1000b/d BD BD 45.24 6230.00 81.15 2.60 13.70 88.93
dl500-1000 bulk 9.97 BD 51.91 7979.25 95.11 2.79 14.56 102.03
RPD 13.722 24.621 15.843 7.148 6.101 13.725
dl5001000h/d 25.00 BD 179.00 55800.00 770.90 19.90 45.20 462.20
dl 500-1000 heavy 39.92 BD 176.73 62275.45 845.51 24.35 60.68 524.95
RPD 45.965 1.278 10.968 9.231 20.118 29.238 12.713
dl250-500b/d BD BD 55.08 5540.00 87.68 2.20 15.90 96.31
dl 250-500 bulk 5.18 BD 67.74 7971.30 114.25 2.39 14.75 118.61
RPD 20.610 35.989 26.315 8.337 7.525 20.754
di250-500h/d 17.20 BD 141.60 50100.00 598.10 17.60 80.60 425.20
di 250-500 heavy 23.37 BD 135.92 56633.66 634.85 19.41 99.01 430.10
RPD 30.401 4.093 12.243 5.962 9.760 20.500 1.146
dl250-500l/d BD BD 59.34 5200.00 ,87.49 7.10 22.20 99.24
dl 250-500 light 6.59 BD 61.05 5929.33 100.88 BD 11.78 101.78
RPD 2.841 13.106 14.215 61.339 2.524
dl125-250b/d 30.20 BD 240.80 21100.00 242.90 6.10 50.30 314.50
d l l  25-250 bulk 21.33 BD 215.11 22926.63 233.05 4.59 48.05 261.56
RPD 34.419 11.269 8.298 4.137 28.351 4.583 18.379
dl125-250h/d 54.30 BD 260.10 183000.00 665.80 20.20 144.00 560.40
dl 125-250 heavy 39.68 BD 251.07 169047.62 679.76 15.87 119.84 593.25
RPD 31.107 3.533 7.926 2.075 23.990 18.313 5.696
Appendix A
D uplicates of Aqua Regia Sedim ent D igests
Sample _ A s _Qsi Fe Mn Ni Pb _ Z q
RPD= Relative Percent Difference { the difference of two replicates divided by their average).
dl125-2501/d 30.30 BD 195.80 7800.00 165.60 BD 20.40 230.30
dl 125-250 light 24.32 BD 243.02 9090.91 209.73 BD 47.65 271.73
RPD 21.888 21.522 15.285 23.515 80.084 16.505
dl63-125b/d 76.40 1.30 676.30 32500.00 756.50 15.80 141.00 882.20
dl 63-125 Bulk 87.49 0.92 721.00 36468.71 769.83 10.96 151.45 870.86
RPD 13.528 34.583 6.399 11.509 1.746 36.169 7.150 1.293
dl63-125h/d 128.00 BD 666.70 161000.00 1523.00 19.10 315.00 2250.00
dl 63-125 heavy 107.44 BD 657.38 170712.30 1465.98 19.50 293.27 2410.66
RPD 17.464 1.408 5.856 3.816 2.065 7.143 6.894
dl63-1251/d 67.7 0.74 602 16300 496.2 10.2 101 574.3
dl 63-125 light 63.08 1.05 594.03 17671.64 502.69 8.56 110.65 582.29
RPD 7.058 35.072 1.333 8.075 1.299 17.516 9.116 1.381
dl<63b/d 149.00 3.49 1478.00 34100.00 1648.00 14.50 213.00 1572.00
dl <63 Bulk 144.59 3.96 1483.29 42561.65 1694.31 16.11 230.71 1622.51
RPD 3.004 12.563 0.358 22.075 2.771 10.518 7.982 3.163
dl<63h/d 239.00 8.66 2135.00 153000.00 2302.00 31.30 352.00 5232.00
dl <63 heavy 224.26 8.66 2023.54 160415 00 2252.99 19.95 332.00 5339.19
RPD 6.363 0.009 5.360 4.732 2.152 44.283 5.847 2.028
dl<63l/d 89.3 2.42 892.8 25300 790 30.4 151 1020
dl <63 light 90.75 2.91 889.71 24730.75 805.74 1396 157.16 1049.66
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Sâfflele
D uplicates of Aqua Regia Sedim ent D igests
__Çü __Es —Mû _Ni _Zû
RPD= Relative Percent Difference ( the difference of two replicates divided by their average).
RPD 1.606 18.449 0.347 2.276 1.973 74.115 3.998 2.866
nd125-250b/d 52.5 1.71 397.7 11600 3976 9 70.2 751.7
nd 125-250 bulk 52.00 2.17 406.06 14325.56 4150.23 11.36 86.27 797.77
RPD 0.952 23.791 2.079 21.026 4.288 23.155 20.543 5.946
nd125-250h/d 170 BD 583.3 272000 3727 22.5 264 2689
nd 125-250 heavy 122.02 3.93 591.81 150238.47 3905.01 18.28 247.22 2784.98
RPD 32.861 1.449 57.674 4.665 20.680 6.566 3.507
ndl 25-2501/d 84.7 4.7 576.1 17400 3008 15.5 97.8 1519
nd 125-250 light 72.59 4.02 519.89 16686.56 2788.39 13.72 96.86 1404.93
RPD 15.394 15.658 10.258 4.186 7.578 12.161 0.968 7.802
nd<63b/d 257 13.37 4865 44600 18410 34 308 3891
nd <63 bulk 231.68 13.34 4621.53 43539.05 17269.82 29.56 293.59 3596.96
RPD 10.364 0.215 5.133 2.407 6.391 13.976 4.791 7.854
nd<63h/d 555 20.02 3391 200000 6150 21.3 367 9055
nd <63 heavy 489.26 25.10 3270.49 165075.58 6066.03 21.48 371.12 8822.59
RPD 12.591 22.516 3.618 19.133 1.375 0.840 1.117 2.600
nd<63l/d 130 7.8 1131 25600 3999 16 156 2538
nd <63 light 133.00 9.13 1088.93 25691.70 3820.16 18.58 164.23 2488.14
RPD 2.284 15.716 3.790 0.358 4.574 14.906 5.140 1.984
gc500-1000b/d 41.6 1.97 346.3 19100 907 10.7 60.6 703.8
Appendix A
Sample
Duplicates of Aqua Regia Sediment Digests
Cd Cu Fe Mn
RPD= Relative Percent Difference ( the difference of two replicates divided by their average).
gc 500-1000 bulk 44.95 2.11 365.55 20485.28 1002.59 13.72 77.17 741.65
RPD 7.737 6.777 5.409 6.999 10.011 24.756 24.052 5.237
gc500-1000h/d 142 BD 1093 108000 5597 24.4 213 3771
gc 500-1000 heavy 137.04 0.56 1075.91 103475.83 5557.33 29.56 246.10 3713.94
RPD 3.558 1.576 4.279 0.711 19.140 14.421 1.525
gc500-10001/d 36.5 0.59 299.9 16500 733.7 9.5 48.5 564.7
gc 500-1000 light 30.91 1.40 293.72 16969.09 705.68 10.57 65.00 560.12
RPD 16.594 81.157 2.083 2.803 3.893 10.647 29.082 0.814
gc125-250b/d 34.6 BD 284.8 26100 679.5 12.9 51.8 722.4
gc 125-250 bulk 32.90 1.08 258.03 24127.62 628.12 13.36 64.41 676.77
RPD 5.033 9.865 7.854 7.859 3.503 21.697 6.522
gc125-250h/d 89.2 BD 321.9 228000 1301 332 128 1207
gc 125-250 heavy 50.26 BD 301.48 182289.59 1169.13 199.55 148.38 1124.05
RPD 55.845 6.553 22.282 10.677 49.838 14.751 7.117
gel 25-2501/d 29.1 1.23 277.6 15500 677.7 10.6 47.4 716.6
gc 125-250 light 29.94 1.58 301.56 16466.42 746.31 13.59 66.77 754.38
RPD 2.842 24.645 8.273 6.046 9.636 24.726 33.934 5.137
bm500-1000b/d 16.9 0.34 101.4 12900 673.6 8.6 31.2 362.1
bm 500-1000 bulk 18.56 0.32 96.87 12275.45 644.71 8.58 43.11 357.29
RPD 9.378 6.260 4.573 4.962 4.383 0.200 32.063 1.339
Appendix A
Sample M
Duplicates of Aqua Regia Sediment Digests
Cd Cu _  Fe _ M o   M Pb _Zn
RPD= Relative Percent Difference { the difference of two replicates divided by their average).
bm500-1000h/d 81.3 BD 301.8 63800 2302 27.8 89 1431
bm 500-1000 heavy 66.93 BD 300.48 70119.52 2729.08 28.69 118.33 1423.90
RPD 19.385 0.439 9.438 16.978 3.134 28.290 0.497
bmSOO-10001/d 20.6 BD 148.7 12400 703.8 8.2 43.2 445.3
bm 500-1000 light 17.00 1.02 153.02 12920.00 733.60 10.60 54.60 453.80
RPD 19.149 2.864 4.107 4.146 25.532 23.313 1.891
bm250-500b/d 14.7 0.53 121.8 11600 806.3 12.5 37.9 494.5
bm 250-500 bulk 12.18 BD 113.22 10642.97 729.03 9.58 44.93 448.28
RPD 18.746 7.303 8.605 10.065 26.401 16.970 9.804
bm250-500h/d 107 BD 301.5 56600 1563 19.9 99.6 1434
bm 250-500 heavy 85.19 BD 310.07 65684.71 1690.68 25.08 137.74 1466.56
RPD 22.695 2.803 14.858 7.849 23.031 32.139 2.245
bm250-500l/d 22.5 0.61 234.3 13200 889.2 13.6 44.5 606.9
bm 250-500 light 23.91 0.72 172.23 12831.24 1045.83 10.36 59.57 568.64
RPD 6.073 16.165 30.539 2.833 16.189 27.039 28.967 6.509
tb63-125b/d 29.1 1.07 265 14100 1700 12.1 48.1 857
tb 63-125 bulk 28.15 1.88 267.17 14536.74 1757.79 12.18 65.30 873.40
RPD 3.301 54.767 0.816 3.050 3.342 0.663 30.328 1.896
tb63-125h/d 75.7 BD 340.2 114000 2300 26.8 145 1068
tb 63-125 heavy RD 39.59 1.50 320.70 72050.67 2218.92 19.40 200.32 1043.94
RPD 62.646 5.900 45.095 3.588 32.043 32.038 2.278
Appendix A
D uplicates of Aqua Regia Sedim ent D igests
Sample __Cd _ F g  __Ma __Hi Zn
RPD= Relative Percent Difference ( tfie difference of two replicates divided by their average).
tb63-1251/d 
tb 63-125 light
31.9 1.89 309.5 13900 1271 12.2 57.3 941.1
26.67 2.05 314.30 13986.57 1327.54 16.40 69.54 949.43
17.862 8.342 1.540 0.621 4.352 29.351 19.297 0.881
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A p p e n d i x  B
Microprobe Analysis 
(Additional Information)*
Page 1. M icroprobe conditions, backround correction matrix selections, standard 
selections.
Pages 2-3. Summary of standard runs for each major element.
Pages 4-7. Summary of standard runs for each trace element.
ARLEMX Microprobe with software program PRSUPR (version 6.30) 
by John J. Donavan and Mark L.Rivers 
(Department o f Geology, University of California, Berkeley, CA 94720)
Al,Si were analyzed on fixed spectrometers with onpeak backround corrections
All other major and trace elements on tunable spectrometers with off peak backround
corrections
ZAP Correction Selections:
PHI(PZ) ABS. CORR. OF BROW N 1981/JTA ALPHA 
ATOM IC # CORR. OF LOVE/SCOTT 
BACKSCATTER CORR. OF LOVE/SCOTT 
MEAN IONIZATION OF BERGER SELTZER 
PHI (O) EQUATION OF LOVE/SCOTT
Standards used were from:
Mineral Mount MINM25-53 
Astimex Scientific Limited 
351 W ellesley St.E.
Toronto, Canada M4X 1H2 
(416) 978-2061
Major:
Marcasite Astimex 
Rhodonite Astimex
Almandine Astimex run as elemental standard 
Anhydrite Astimex (Backround)
Marcasite Astimex (Backround)
Rutile Astimex (Backround)
Trace Elements:
Cuprite
Gallium Arsenide Astimex 
Galena Astimex 
Sphalerite Astimex
Almandine Astimex (Backround) run as elemental standard 
Apatite Astimex (Backround)
Rutile Astimex (Backround)
Reported Analyses pages 2-7.
* Additional questions or request for actual printouts: Dr. J. N. Moore, Dept, o f Geology, 
University o f Montana, Missoula, Montana 59801
Microprobe Standard Summary- Major E lem ents  (P h ase  1)
All values In WT %
Standard
(‘denotes entered in elemental weight) 
£ e
Almandine Astimex* 18.09
Standard Run (average) 
9-29-92 SERR % VAR
17.91
18.41
0.12
0,07
- 1.01
1.74
9-30-92
18.31
SERR % VAR
0.09 1.24
Marcasite Astimex 46.54 46.54
46.54
0.29
0.36
46.54
46.54
46.54
46.54
46.54
0.06
0.18
0.11
0.37
0.12
0
- 0.01
0.01
0
0
Rhodonite Astimex* 1.9 1.98
2.02
.03
0.04
4.06
6.18
2.08
2.06
1.98
1.98 
2.04
0.03
0.01
0.00
0.04
0.05
9.43
8.22
4.34
4.14
7.17
Mn
Almandine Astimex* 0.46 0.45
.47
0.02
0.02
-1.96
3.07
.45 0.03 - 1 . 12
Marcasite Astimex 0.01
0.02
0.01
0.02
.02
.02
.02
.00
.00
0.01
0.01
0.02
0.00
0.00
Rhodonite Astimex* 35.8 35.83
35.79
0.23
0.4
0.07
-0.04
35.79
35.80
35.80
35.80
35.80
0.09
0.08
0.14
0.12
0.26
- 0.02
- 0.01
- 0.01
- 0.01
- 0.01
Al
Almandine Astimex* 11.67 11.67
11.70
0.06
0.07
0.01
0.29
11.69 .25 0.16
Marcasite Astimex 0.03
.01
0.01
0.01
.02
.00
.00
.01
.00
0.01
0.00
0.00
0.01
0.00
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Microprobe Standard Sum mary- Major E lem ents  (P h ase  1}
All values in WT %
Standard Reported V alua
(•denotes entered in elemental weight)
Standard Run faveraoe) 
9-29-92 SERR % VAR 9-30-92 SERR % VAR
Al (cont.)
Rhodonite Astimex* 0.01
.02
0.01
0.02
.01
.02
.04
.01
.04
0.01
0.01
0.02
0.01
0.02
Si
Almandine Astimex* 18.32 18.12
17.70
0.07
0.03
- 1.1
-3.4
17.95 0.14
Marcasite Astimex 0.01
.04
0.00
0.02
.02
.01
.03
.02
.01
0.01
0.01
0.03
0.01
0.01
Rhodonite Astimex* 21.53 21.51
21.54
0.06
0.16
-0.09
0.05
21.54
21.53
21.54
21.53
21.54
0.02
0.10
0.08
0.11
0.10
0.04
- 0.01
0.05
0.01
0.03
Almandine Astimex* 0.01
.02
0,00
0.01
.00 0.00
Marcasite Astimex 53.46 53.46
53.47
1.28
0.39
0.02 53.47 
53.42 
53.50
53.47 
53.46
0.22
0.45
0.08
0.16
0.05
0.03
-0.08
0.07
0.01
0
Rhodonite Astimex* 0.01
0
0.01
0
.01
.02
.01
.00
.02
0.00
0.01
0.01
0.00
0.01
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Microprobe Standard Summary-Trace Elements (Phase 2)
AI! values in WT %
Standard Reported
(‘denotes entered in elemental weight)
Zn
Cuprite o
Gallium Arsenide 
Astimex
Galena Astimex
Sphalerite Astimex 67.07
Almandine Astimex*
Standard Run* faveraoet 
10-5-92 SERR %VAR
.06 0.04
.07 005
.00
.00
.00
.00
67.09
67.03
.00
.04
0.00
0.00
0.00
0,00
0.81
0.53
0.00
0.04
0.04
-0.06
10-6-92 SERR %VAR
.00 0.00
.00 0.00
.03 0.03
.00 0.00
.00 0.00
.00 0 00
,00 0.00
.00 0,00
.00 0.00
.00 0.00
.00' 0.00
65.31 0.95 -2.63
65.33 1.28 -2.59
67.09 0.53 0.03
68.43 0.65 2.03
.01 0.01
.01 0.01
.00 0.00
10-7-92 SERR %VAR
.07
.08
.03
.00
.00
.00
.00
.02
67.22
67.03
.06
.03
0.02
008
0.03
0.00
0.00
0.00
0.00
0.02
1.19
2.49
0.01
0.02
10-9-92 SERR %VAR
.15 0.12
.00 0.00
00 0.00
0.23
-0.05
67.05 0.42 -0.03
.09 0.01
As
Cuprite .11
.20
0.09
0.19
.03
.03
.08
.17
0.02
0.03
0.08
0.10
.00
.03
.11
0.00
0.03
0.08
.07 0.05
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All values in WT %
Standard Reported
(‘denotes entered in elemental weight)
As (con’t.) 
Gallium Arsenide 
Astimex
Galena Astimex
Sphalerite Astimex
Almandine Astimex*
Gy
Cuprite
Gallium Arsenide 
Astimex
51.8
88.82
MIcroprobe Standard Summary-Trace Elements (Phase 2) 
10-6-92 SERR
Standard Run* faveraqet 
10-5-92 SERR %VAR
51.76
51.76
.07
.04
.02
0.14
.00
.00
88.80
89.79
.00
.01
0.08
0.12
0.06
0.03
0.02
0.07
0,00
0.00
1.21
0.43
0.00
0.01
-0.07
-0.07
- 0.02
-0.04
%VAR
49.35 0.11 -4.72
49.08 0.56 -5.26
47.95 0.27 -7.43
52.13 0.88 0.63
.10 0.02
.09 0.05
.01 0.01
.00 0.00
.02 0.02
.07 0.07
.05 0.05
.08 0.05
.03 0.02
.01 0.01
90.65 0.56 2.06
89.90 0.09 1.22
88.72 0.87 -0.12
87.90 0.60 -1.03
.00 0.00
.07 0.04
.06 0.04
.03 0.02
10-7-92 SERR %VAR
51.62 0.24 -0.34
51.61 0.42 -037
51.59 0.57 -0.4
.00 0.00
.13 0.02
.01 0.01
.03 0.03
.08
.06
002
0.03
89.05 0.58 0.26
88.60 1.14 -0.24
88.98 0.78 0.15
.03 0.03
.09 0.07
10-9-92 SERR %VAR
49 0.16 -5.4
.13 0.06
.09 0.05
.00 0.00
88,80 0.66 -0.02
.02 0.02
.02 0.02
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All values In WT %
Standard Reported
(‘denotes entered in elemental weight)
MIcroprobe Standard Summary-Trace Elements (Phase 2)
Standard Run' (average) 
10-5-92 SERR %VAR 10-6-92 SERR %VAR 10-7-92 SERR %VAR 30-9-92 SERR %VAR
PdilPPn'U 
Galena Astimex .35 0.03
.35 0.06
.23
.18
28
0.01
0.02
0.06
.11
.07
0.06
0.04
.11 0.02
Sphalerite Astimex .00
.00
0.00
0.00
.07
.00
.01
.06
0.01
0.00
0.01
0.06
.04
.00
0.02
0.00
.03 0.03
Almandine Astimex* .00
.01
0.00
0.01
.04
.01
.02
0.02
0.01
0.02
.03
.04
0.01
0.03
.00 0.00
£b
Cuprite .06
.11
0.03
0.05
.07
.00
.08
.10
0,03
0.00
0.02
0.08
.08
.09
.12
0.04
0.03
0.12
.02 0.02
Gallium Arsenide 
Astimex
.06 0.05
.07 0.04
.03
.00
.00
.03
0.01
0.00
0.00
0.03
.04
.04
.16
0.03
0.04
0.01
.14 0.14
Appendix B
Microprobe Standard Summary-Trace Elements (Phase 2)
AH values in WT %
Standard Reported
(‘denotes entered in elemental weight)
Standard Run* (average) 
10 5 92 SERR %VAR 10 6 92 SERR %VAR 10-7-92 SERR %VAR 10-9-92 SERR %VAR
Pb (con't.)
Galena Astimex 86.6 86.70 0.28 0.12 86.68 0.56 0.09 87.14 0.45
86.72 0.33 0.14 86.70 0.48 0.12 86.94 0.69
86.66 0.49 0.07
Sphalerite Astimex o .05 0.03 .04 0.04 .00 0.00
.04 0.04 .00 0.00 .00 0.00
.03 0.03
.00 0.00
Almandine Astimex* o .00 0.00 .07 0.03 .00 0.00
.06 0.03 .05 0.02 .03 0.03
.03 0.02
AJ
Cuprite o .03 0.03 .35 0.03 .23 0.01
.03 0.03 .37 0.01 .30 0.06
.30 0.01 .25 0.02
.34 0.01
Gallium Arsenide o .03 001 0.49 0.03 .23 0.02
Astimex .03 0.01 .45 0.03 .26 0.02
.44 0.02 .27 0.02
.43 0.00
Galena Astimex o .07 0.02 .00 0.00 ,38 0.02
.07 0.02 .01 0.01 .27 002
.01 0.01
0.63
0.4
86.69 0.75 0.11
.02 0.02
.03 0.03
.01 0.00
.01 0.01
.05 0.01
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Microprobe Standard Summary-Trace Elements (Phase 2)
AH values in WT %
Standard Reported
(‘denotes entered in elemental weight)
Standard Run' faveragei 
10 5 92 SERR %VAR 10-6-92 SERR %VAR 10-7-92 SERR %VAR 10-9-92 SERR %VAR
Al (cont.)
Sphalerite Astimex
Almandine Astimex* 11.67
S!
Cuprite
Gallium Arsenide 
Astimex
Galena Astimex
Sphalerite Astimex
.02
.02
11.67
11.67
.08
.09
.16
.18
.00
.06
.06
.06
0.01
0.01
0.05
005
0.01
0.02
0.01
0.03
0.00
0.03
0.02
0.02
- 0.01
0.03
.30 0.02 .22 0.02 .01 0.01
.30 0.01 .22 0.02
.32 0.01
.35 0.02
11.68 0.10 0.07 11.69 0.18 0.14 11.67 0,06
11.67 0.08 0.03 11.67 0.16 -0.02
11.67 0.13 0.02
1.11 0.03 .64 0.02 .00 0.00
1.14 0.03 .48 0.02
1.09 0.02 .59 0.02
1.05 0.01
1.60 0.03 .84 0,01 .00 0.00
1.59 0.03 .80 0.02
1.62 0.01 .73 0.02
1,59 0.00
.01 0.01 .91 0.01 .03 0.02
.03 0.01 .78 0.09
.04 0.02
.93 0.03 .66 0.02 .00 0.00
.97 0.02 .61 0.01
.93
.94
0.01
0.01
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All values in WT %
Standard Reported
('denotes entered in elemental weight)
MIcroprobe Standard Summary-Trace Elementa (Phase  2)
Standard Run' (average) 
3fl-5-92 SERR %VAR 10-6-92 SERR %VAR 10-7-92 SERR %VAR 10-9-92 SERR %VAR
Si (cQn’tr)
Almandine Astimex* 18,32 10.32 0.14
18.32 0.03
18.34 0.04 0.08 18.34 0.19 0.11 18.32 0.11 0.01
18.32 0.03 0.01 18.31 0.06 -0.04
18.32 0.03 0.02
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